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FOREWORD

DURING the past few years the so-called 'mast cells' have very rapidly

acquired a new interest for the interpretation of phenomena and the

solution of problems which have been much longer familiar to students

of physiology and pathology. The initiative and the effective stimulus to the

studies from which this new interest has arisen can be attributed to the original

work carried out and published in a succession of papers by Dr. Riley, with

Dr. G. B. West and his other colleagues. The publication of this Monograph
by Dr. Riley, assembling and presenting for discussion all this new and highly

suggestive evidence, will certainly be widely welcomed, not only by those who
are themselves active in related fields of research, but also by the many others

who may well have found it difficult to follow the rapid unfolding of knowledge

about these cells, and especially its recent and rapid development.

As Dr. Riley duly records, we owe the first differential recognition of the

mast cells to the late Paul Ehrlich, whose pioneer publication on the subject

gave evidence, indeed, of the early ripening of his remarkable genius; for the

paper which first described and named these cells, characterized by the packing

of their cytoplasm with large, basophile granules, had been Ehrlich's graduation

Thesis. I find myself less clearly convinced than Dr. Riley seems to be, with

regard to the appropriateness of the name, ' Mastzellen ' (=fodder cells, or cells

concerned with fattening, or nutrition), as proposed by the young Ehrlich to

indicate the function which he attributed to these cells, but for which, in fact,

he had no evidence but their histological appearance, including the basophile

staining of their granules by which he recognized them. A short name, how-
ever, is obviously needed for convenient reference. In its English translation,

'mast cells' has practically no such functional implication as the original

German form had; and, in any case, a proper respect for priority and for

Ehrlich's memory would make us retain the name which he proposed, and

which has passed into such general use.

Dr. Riley's attention appears to have been first drawn to the functional

possibilities of the mast cells, by the observation of their unusual abundance

in the tissues adjacent to experimentally induced cancers of the skin in mice.

Later he became acquainted with the results obtained by Jorpes and other

Scandinavian workers, who had observed a significant correspondence between

a special abundance of these cells in different tissues and the respective yields

obtainable from them of the anticoagulant principle known as 'heparin'. This

had been so named by its discoverer, W. H. Howell, on account of his original

finding of it in extracts from the liver of the dog—an organ in which the mast
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cells were later found to be conspicuously abundant. It was apparently this

association of the dog's liver with the production of heparin, which first led

Dr. Riley, and those who became associated with him, to consider the possi-

bility that the mast cells might also be the source of the histamine; since the

anaphylactic shock and analogous reactions, in the form characteristic of the

dog, were known already to be due, essentially, to the effects of histamine and

heparin poured into the general circulation, as the result of a primary reaction

in the liver. Dr. Riley and his co-workers were thus led to make a more general

survey of the relation between the abundance, on the one hand, of mast cells

in different organs and tissues of a number of species, including examples of

mast-cell tumours, and the yields, on the other hand, of histamine obtainable

by extraction from the same normal and pathological sources. I do not doubt

that any careful student of their results will find that the evidence here presented

shows a highly significant correlation between the mast-cell content of solid

organs and their yield of histamine to artificial extraction; and such a student

will surely be impressed, as I am, with the reasonableness of the deduction that

the mast cells in such tissues, and, indeed, the characteristic, basophile, meta-

chromatically staining granules which occupy so much of the cytoplasm of

those cells, are by far the most probable source of that histamine.

It must be borne in mind, on the other hand, that this staining of the

mast-cell granules does not, in itself, provide evidence for the presence in them

of histamine. Histamine, on the contrary, being itself a base, has a special

affinity for the acidic dyes, such as eosin and phloxin, with which it combines

in vitro to form precipitates. Before the demonstration by Dr. Riley and his

colleagues of the connexion between mast cells in a tissue and its yield of

histamine, there had been highly suggestive evidence of a similar association

between the yield of histamine from the blood of different animal species,

including that of man, and its richness in white cells with an eosinophile

granulation. In those of us who were familiar with these earlier observations,

the news of the discovery that, in the tissues, the occurrence of histamine was

associated with that of the basophile mast cells, produced, at first glance, a

sense of paradox, or conflict of evidence. And it seems tp me that we have the

more reason for gratitude to Dr. Riley and his co-workers for having gone

steadily forward, undeterred by any such prejudice, to collect and assemble the

data, which have now so abundantly confirmed their first observations. For

my own part, I am expecting that the new association which they have so

convincingly established, between histamine and the heparin-containing mast-

cells of the tissues, will be found to have an increasing importance, for the

assignment to histamine, and to the other amines, such as serotonin, now coming

into view as mast-cell constituents, of their various functional roles in a range

of physiological and pathological reactions. H R nAT F
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PREFACE

THIS booklet on the mast cells is in two parts. The first is a review of the

literature, mainly up to 1950 when the work described in the second part

began. The second part is essentially the thesis, 'Functions of the

Tissue Mast Cells', which was accepted in 1958 by the University of St.

Andrews for the degree of Doctor of Philosophy.

In preparing the manuscript for publication I have been reminded of the

very great help which I have received from other workers at various stages, and

which I wish freely to acknowledge.

Some of the early experiments on the histology and histochemistry of

mast cells were carried out in Edinburgh in collaboration with Dr. J. M.
Drennan of the Department of Pathology. Mr. (now Professor) D. M. Douglas

and Dr. J. P. Graham of the Wilkie Research Department, Edinburgh, helped

me in experiments on peptone shock in dogs. Later, in Dundee, when a

pharmacological approach was required, Professor R. B. Hunter not only

offered me the very considerable facilities of his department, but also introduced

me to Dr. G. B. West, without whose cheerful enthusiasm and unlimited

patience further progress would have been slow indeed. Much of the present

work on histamine in mast cells has already been published in collaboration

with Dr. West, and this forms the main body of the second part of the book:

where it is appropriate, a reference to the original paper is given under the

chapter heading. On the departure of Dr. West for London, the pharmaco-

logical investigations were continued by his successor, Dr. P. B. Marshall, and

by Miss Rosemary Cass. Dr. West and I have acknowledged elsewhere the

valuable contributions of Mr. K. W. Head of the Royal (Dick) School of

Veterinary Studies, Edinburgh, who supplied us with much unusual veterinary

material, and of Mr. S. W. Stroud of the Research Division, Boots Pure Drug

Co. Ltd., Nottingham, for his assistance with the heparin assays. In some

experiments the initial extraction of the heparin was carried out by Dr. D. M.
Shepherd of the Department of Pharmacology, Queen's College, Dundee, to

whom we also owe our thanks for his advice on problems connected with the

chromatography of tissue extracts. An interesting off-shoot of the present

study has been the work of Dr. J. D. B. MacDougall of the Department of

Anatomy, who has succeeded in growing various types of mast cell in tissue

culture and has himself published several papers on the subject. I record

with special gratitude the constant flow of encouragement and advice of

Professor A. C. Lendrum of the Department of Pathology: many of the

paraffin sections were cut and stained by Mr. W. Slidders in Professor

vii
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Lendrum's department, and all the photomicrographs were taken there with

the aid of his technician, Mr. J. W. Corkhill.

Finally, I wish to place on record the debt of gratitude which Dr. West

and I owe to the constructive criticism and generous advice of Sir Henry Dale

throughout the whole of this work. Sir Henry, himself a pupil of Ehrlich, was

among the first to accept our evidence on the cytological location of histamine

in mast cells and to suggest fruitful means for obtaining further information.

For our part we were honoured in being invited in April 1955 to take part in

the Symposium on Histamine organized by the Ciba Foundation to celebrate

Sir Henry's eightieth birthday. Sir Henry now does me the even greater honour

of writing a foreword to this account of a problem on which he himself has

contributed so much.

JAMES F. RILEY.
Dundee, 1959.
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REVIEW OF THE LITERATURE





Chapter I

THE DISCOVERY OF THE MAST CELLS

ON the 17th January 1879 the Physiological Society of Berlin heard

a remarkable paper by a remarkable young man. The speaker was

Paul Ehrlich; his subject a granular cell of the loose connective tissues

which he had discovered as a medical student some two years previously

(Ehrlich, 1877) and for which he had proposed the name ' Mastzellen
7

(well-fed

cells) since the cells are more numerous in connective tissue whose nutrition is

enhanced (Ehrlich, 1878). Ehrlich pointed out that not only do the granules

of mammalian mast cells display great avidity for basic dyes, but that they also

tend to alter the shade of the dye ('metachromasia
,

). Later, with his own
pupil, Westphal (1891), he stressed a second characteristic feature of the mast-

cell granules in many species, their solubility in water. As Michels (1938, p. 262)

remarks, ' Uncounted pages of useless and misleading research have been the

result of the failure on the part of many investigators to heed the admonition

originally given by Ehrlich and Westphal, that the mast granules are soluble

in water and that to preserve them tissues must be fixed in 50 per cent alcohol

and stained in alcoholic thionine'.

From what we know of Ehrlich's enthusiastic temperament (Marquardt,

1949) it is not difficult to picture him giving this, his first public dissertation.

But the occasion was more than that. In discovering the mast cells Ehrlich

had discovered a principle which was to guide him through his working life and

inspire his later studies in chemotherapy. That the biological action of a drug

is a direct consequence of its molecular architecture is now a pharmacological

axiom so firmly established as to pass without comment: in Ehrlicrfs day when
medical treatment was still empirical and symptomatic, the idea of 'specific

affinity ' between drug and protoplasm was a novel conception. It is said

(Plesch, 1947) that the idea of specific affinities first germinated in Ehrlich's

mind when he was working in the laboratory of his cousin, Karl Weigert, who
had begun to use the new technique of staining histological sections. While

examining one of Weigert's slides under the microscope Ehrlich began to

speculate why one part of the cell should stain selectively with a particular dye

leaving the rest of the cell unstained. It was not long before he was seeking

the answer.

Success came early. Ehrlich obtained samples of the latest commercial

dyes from German manufacturers who were then turning to such profitable

account Perkin's original discovery in Manchester of the first synthetic aniline

dye, mauve. On applying some of the new dyes to connective tissue Ehrlich
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discovered the mast cells. The strong affinity of the granules for basic dyes

and the metachromatic staining reaction enabled Ehrlich to differentiate his

Mastzellen from the heterogeneous collection of 'embryonal' or 'plasma' cells

described by his teacher, Waldeyer (1875). Granular cells were first seen in

the peritoneum of frogs by Von Recklinghausen (1863). Waldeyer, who

described and depicted similar cells with refractile granules around small blood

vessels, believed them to be precursors of the fat cells which form the outer

layer of the perivascular sheath. Ehrlich showed that Waldeyer's granular

cells do not contain fat by pretreating the tissues with fat solvents, and that dyes

which stain fat leave the granules of mast cells unstained. According to

Ehrlich the mast granules represent an albuminous reserve substance for the

connective tissues and are the products of differentiation in healthy cells of the

fixed mesenchyme.

Ehrlich then went on to study the staining reactions of the blood cells,

laying the foundations of modern haematology on the basis of the specific

affinities of the leucocytes for various dyes (Ehrlich, 1891 ; Ehrlich and Lazarus,

1898). Here again he encountered cells with basophilic, metachromatic

granules, and thus came to recognize two types of mast cell; the first, derived

from, and living in the connective tissues (tissue mast cell), the second—the

counterpart of the neutrophil polymorph and eosinophil leucocyte—whose

origin is in the bone marrow and whose habitat is the peripheral blood (blood

mast cell, basophil or mast leucocyte). Not the least of Ehrlich's genius was

his intuitive appraisal of the limitations of the experimental methods of his

day. His later work on cancer is typical of this. So it was with the mast cells.

He made no attempt to apply experimental methods to the problem of their

function or to characterize chemically the granule substance. Having described

the morphological features of blood and tissue mast cells, he left it to others to

elucidate the role of these cells in the organism, concluding his brief introduction

(Ehrlich, 1879) with the hope that one day the mast cells would be found to

have an interesting function. It is the purpose of this monograph to trace the

subsequent story and see to what extent Ehrlich's hopes have been fulfilled.

It is an interesting story, and no less interesting in the certainty that the full

account has yet to be written. Even now we are in the midst of one of the

periodic waves of enthusiasm for the mast cells, and there may thus be workers

in many fields to whom an interim account will be acceptable. This is built

around the researches of my colleagues and myself in Scotland who have

investigated the relationship of the mast cells to tissue histamine. At the same

time we have endeavoured to retain something of the wider perspective which

appealed so strongly to Ehrlich: that is perhaps the outstanding feature of his

undergraduate Thesis which has only recently become available for study

(Ehrlich, 1878).



Chapter II

THE MAST CELL IN EVOLUTION

DURING the sixty years which followed Ehrlich's discovery, research

on the mast cell was almost entirely histological. Controversies arose

but their resolution for the most part merely emphasized the soundness

of Ehrlich's original work.

Thus Ranvier (1890) described his 'clasmatocytes'—cells which cast off

(' comatose') fragments of protoplasm; but it is clear from Ranvier's own
descriptions that many of the cells which he originally recognized as clasmato-

cytes are tissue mast cells. In the newt and salamander especially the mast cells

are exceptionally large and irregular in shape and are easily damaged during

preparation of the tissues. Moreover, Ranvier used a watery fixative ( 1 per cent

osmic acid), a watery stain (violet 5B) and a watery mountant (glycerine)

whereby the granule substance rapidly diffuses from the cytoplasm. Using

the same stain and a more adequate fixative, Raudnitz (1883) had already

successfully demonstrated mast cells in man. The situation was finally clarified

by Jolly (1900) who clearly distinguished mast cells from clasmatocytes in

mammals and showed that the huge arborizing cells in amphibia are the tissue

mast cells of these species.

The use of a watery technique likewise led Pappenheim and his school to

assert that mast myelocytes are lacking in the bone marrow of the rabbit and

in the marrow of patients with myeloid leukaemia, thereby implying that the

numerous blood mast cells in both are derived from precursors in the tissues.

This misconception persisted until Maximow (1913) and Ringoen (1919)

conclusively re-established Ehrlich's views and again stressed the extreme

water-solubility of the mast granules in certain species (Kanthack and Hardy,

1894). Not all mast granules are so readily soluble; the mast granules of the

rat are surprisingly resistant to water (Paff and Mergenthaler, 1955). It will

be shown later that once the limitations of a watery technique for mast cells

are appreciated the method can be used to yield information concerning the

physiological function of the cells.

In only one respect did Ehrlich's early work fail to find complete acceptance

later. It will be recalled that Ehrlich's classification and nomenclature of the

granular leucocytes rested on the ' specific affinities ' of the granules for various

dyes. As the scope of the search for mast cells widened, it became increasingly

apparent that in many lower organisms not only are the mast granules frequently

non-metachromatic, but that, at least during certain phases of their life history,

they may even be acidophilic. The significant homology for the mast cell is
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rather the connective tissue habitat of the cell and the size and number of its

granules than the immediate staining qualities of the granules themselves:

'coarse granulocyte' is perhaps the more appropriate term for such cells.

With these considerations in mind we may first review in general terms the

evolutionary development of the mast cell in a series of organisms of increasing

complexity, and later examine in somewhat greater detail the distribution of

tissue mast cells in vertebrates.

INVERTEBRATES

It has been suggested that the metachromatic bodies in certain bacteria

and the volutin granules in yeasts (Guilliermond and Marvas, 1908; Wermel

and Sassuchin, 1927) correspond to mast cells in higher organisms; but in view

of the doubtful histo-chemical significance of metachromasia no great import-

ance can be attached to these claims (Tulasne and Vendrely, 1947; Duguid

et al, 1954). Nevertheless, in such lowly multicellular organisms as sponges

(Cotte, 1904) and simple coelenterates (Kollmann, 1908) well-defined basophilic

granular cells are already present in the connective tissues from which, in some

species, they escape as free cells into the primitive body cavity. Both Cotte

(p. 547) and Kollmann (p. 213) are of the opinion that these cells correspond

to the mast cells in higher forms. Such 'amoebocytes with spherules' are

common in echinoderms, especially in the walls of the ambulacratory pockets

of the star fish and sea urchin (Kollmann, 1908; Kindred, 1926) from which

a yellowish substance can be extracted from the granules by transferring the

organisms to tap water (Pequegnat, 1948). According to Kindred (1926) the

'coarse granulocyte' in echinoderms is first recognizable as a connective tissue

cell with clear cytoplasm, and thus corresponds to the 'hyaline cell' ofKollmann

(1908). Under conditions of good feeding the cell develops bulky refractile

spherules which stain with basic dyes. The spherules then progressively become

yellow and shrunken; finally often red and acidophilic. Thus the intermediate

coarse granulocyte in invertebrates, the cell with colourless, basophilic spherules,

bears the most obvious resemblance to the mast cell of higher animals. Kollmann

found these cells in the connective tissues of various invertebrate forms which

he examined. 'Les cellules spheruleuses . . . restent habituellement cantonnees

dans le tissu conjonctif. On peut vraisemblement les comparer aux Mastzellen

des Vertebres' (Kollmann, p. 200). Thus it will be observed from the stand-

point of comparative morphology that mast cells are regularly demonstrable

before the demand for oxygen and nutriment has led to the evolution of a

definitive blood-vascular system. Whatever may be the function of the mast

cells in these simple organisms it can hardly be concerned with the blood.

The common blood cell of many insects appears to be concerned function-
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ally with the connective tissues (Lazarenko, 1925). In certain species the

basophilic cytoplasmic bodies stain strongly with the periodic acid-Schiff

method for a neutral mucopolysaccharide (Ohuye, 1952; Ohuye and Horikawa,

1956) 'which forms or contributes to the connective tissues and basement

membranes' (Wigglesworth, 1956).

With the evolution of an 'open' type of circulation, as in arthropods, more

typical mast cells become demonstrable around the walls of the smaller arteries

whose contents empty direct into the tissue spaces. Over a century ago Hackel

(1857) described an adventitial cuff, a 'Zellgewebe', surrounding the smaller

blood vessels of the crayfish. By injecting a suitable vital stain into the

pericardial sac or primitive heart of the crayfish, myriads of cells filled with

metachromatic granules can be demonstrated in Hackel's perivascular sheath.

Only rarely does such a tissue basophil escape into the circulation (Hardy, 1892).

VERTEBRATES

However, it is at the next evolutionary level that tissue mast cells appear

in an abundance which makes it difficult to escape the conclusion that their

number and situation foreshadow something of their function in higher

organisms. The tissues of many Ichthyopsida (fishes and amphibians) are

teeming with mast cells in contrast to the virtual absence of mast cells in the

blood. So intimately is the distribution of the mast cells bound up with the

evolution of the blood vascular system that it is worth while pausing for a

moment to review briefly the development of the blood-forming tissue itself

and the progressive specialization of its component parts (Jordan, 1926;

Jordan and Speidel, 1930).

Evolution of the blood-vascular system

In the lancelet amphioxus (branchiostoma) the few free mesenchymal cells

in the blood are derived from undifferentiated precursors scattered throughout

the body. With the advent of the primitive craniate fishes, the jaw-less cyclo-

stomes, there begins a process of segregation and specialization of blood-

forming tissue which may be traced progressively forwards to the mammals.

From being distributed diffusely throughout the wall of the intestine, as in the

hagfish, the haemopoietic tissue becomes aggregated in the so-called spiral

valve of the larval lamprey and forms a compact nodule in the wall of the

stomach of the African lung fish. In the cartilaginous fishes the active tissue

is now attached to the stomach by a mesentery and may thus more properly be

termed a spleen. At the amphibian level, especially in the tailless anurans,

the spleen is concerned almost exclusively with the production of erythrocytes

and thrombocytes, granulopoiesis still being carried on at former sites of blood
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formation throughout the body. With the evolution of the bony fishes the

marrow begins to usurp some of the functions of the spleen and becomes the

predominant tissue for haemopoiesis. According to Jordan and Speidel (1930,

p. 375) the mechanical advantage conferred on the organism by the development

of tubular bones also led indirectly to ideal conditions for blood formation.

'The diaphyseal content of hollow bones is fundamentally related to the

nutritive requirements of the bones. Thus, in a sense, the practical postnatal

restriction of hemocytopoiesis to bone marrow in higher forms, especially

mammals, was accidental. Arising apparently as an incidental aspect of the

mechanism providing for the most favourable nutritive conditions for hollow

bones, it becomes appropriated as offering more favourable conditions for

blood formation. The spleen, accordingly, becomes of less importance at the

higher evolutionary levels after the appearance of long bones. Its original

multiple function becomes apportioned among lymph nodes, perhaps thymus,

and bone marrow.
1

It is, of course, well known that extensive destruction of

red bone marrow even in mammals can be followed by the resumption of extra-

medullary blood formation in the original haemopoietic centres of the body,

and that after splenectomy the marrow may perform the reciprocal function of

producing lymphocytes and monocytes. In view of the multipotent capacity

of the marrow for blood formation, it is not surprising that along with the

neutrophil and eosinophil leucocytes the marrow also produces variable

numbers of blood mast cells. In general there is an inverse numerical relation-

ship between the numbers of blood and tissue mast cells in a particular species

(Maximow, 1910): however, with few exceptions the number of blood mast cells

is small compared with the number of tissue mast cells which continue to be

produced at sites of former haemopoietic activity.

Meanwhile, in course of evolution, another specialized type of tissue has

come into being. This is the lymphatic system whose origins can also be traced

to the widespread primitive haemopoietic tissue of lower animals. Portions of

the multipotent mesenchyme become aggregated into foci specializing in the

production of lymphocytes; capsulated lymph nodes make their first appearance

in water birds (Further, 1913). Even so, the spleen in birds continues to play

a significant role in haemopoiesis, its removal being followed by increased

haemopoietic activity elsewhere, as in cold-blooded animals: 'A striking example

is presented by the differentiation of the mast cells along the vessels of the

omentum. . . . An analogous development of mast cells is seen under the

epithelium of the intestine
,

(Dantschakoff, 1916, p. 485). As the importance

of the marrow for haemopoiesis increases still further, the spleen eventually

produces little else but lymphocytes and monocytes. Yet there remain, even

in the mammals, scattered traces of the original blood-forming tissue which

continues to produce the granular cells of the connective tissues. These are

8
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the tissue mast cells. It will be helpful to keep this genealogical background

in mind when the apparently capricious distribution of mast cells in higher

oiganisms is under consideration.

Detailed distribution of mast cells in vertebrates

Lower vertebrates. In lower vertebrates, production of coarse granulo-

cytes is for the most part restricted to certain well-defined sites, notably gut,

mesentery, subcutaneous and intermuscular tissue, liver, spleen, kidney,

gonads, perivascular tissues generally, lungs (when present) and to a lesser

extent pancreas and even skull (Drzewina, 1905; Michels, 1923).

Alimentary tract. In the alimentary tract of Ichthyopsida (fishes and reptiles)

the 'lymphoid tissue' (Drzewina, 1905) forms an almost continuous sheath

between mucous membrane and muscle, a region which corresponds to the

location of the Peyr's patches and isolated lymphoid nodules in man. Drzewina

failed to find granulocytes in the alimentary lymphatic tissue of carp though

they have been described there by Al-Hussaini (1948). In the carp coarse

granulocytes are particularly abundant in the perivascular tissues and serous

membranes, especially mesentery (Michels, 1938). Greene (1912) found in the

gut of the King salmon a layer of coarse granular cells so dense that he refers

to it as the 'stratum granulosum'. However, Arvy (1955a) points out that

apparently similar cells in the trout more closely resemble the granular cells

of the exocrine pancreas; they are decidedly more acidophilic than basophilic

in their staining properties. Numerous coarse granulocytes were seen in the

gut of other salmonoids by Bolton (1933) who has no hesitation in calling them

'mast cells'. Migratory activity and concomitant change in staining properties

of the coarse granulocytes in teleosts were clearly recognized by Al-Hussaini

(1949). Duthie (1939) shows coarsely granular basophils migrating towards

mucosal and serous surfaces: as the surface is reached the now acidophilic

granules become orientated in a manner which suggests (p. 40) 'a discharge of

the granules on to the surface of the epithelium'. It will be seen later that there

is evidence for limited migratory activity of perivascular mast cells towards

mucosal and epithelial surfaces in higher vertebrates (Riley, 1953a; Arvy,

1956a; McGovern, 1956). Typical mast cells have been described in the gut

of various Batrachians (anurans and urodeles) by Arvy (19556).

Heart and blood vessels. As long ago as 1857 Leydig described a richly

cellular sheath surrounding the mesenteric vessels in several teleostean (bony)

fishes. The regular occurrence of haemopoietic tissue in this situation is well

seen in certain 'ganoids' (e.g. sturgeon). Drzewina (1905) describes such a

tissue clothing the heart of the sturgeon and extending along its blood vessels;

Ohuye and Ochi (1954) observed a similar genesis of basophilic granulocytes

in a urodele, the Japanese newt. According to Drzewina the formative tissue
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bears a striking resemblance to the mammalian lymph node : however, it also

gives rise to coarse granulocytes, and these, in the sturgeon, may contain both

basophilic and acidophilic granules within the cytoplasm of the same cell. This

is a disturbing state of affairs to one brought up strictly in the Ehrlich tradition

of a cytological nomenclature based on specific affinities. Drury (1914)

observed typical eosinophils free in the peritoneal fluid of bony fishes but no

basophils, since 'they do not migrate from their normal place of occurrence,

around the blood vessels, amongst the teleostean fishes'. It will be emphasized

later that perivascular tissues are outstanding sites for the formation of mast

cells in mammals.

Kidney and gonads. In Ichthyopsida the kidney tubules are embedded in

a mass of reticular lymphoid tissue from which develop cells with amphophil,

basophil and acidophil granules, the granules of basophils usually being coarser

than the rest (Drzewina). This tissue in a ganoid, Polyodon spathula, was

extensively studied by Downey (1909) who discusses the evidence for secretion

by the granular cells. Of the three main types recognized by Downey, the cells

with basophilic granules eventually become metachromatic and finally dis-

integrate through the diffusion of the metachromatic material into the cytoplasm

and the formation of multiple vacuoles. Blood formation is also active, in the

disproportionately large gonads of fishes. Jordan (1926) describes coarse

granulocytes with basophilic and eosinophilic granules in the gonads of

elasmobranchs (e.g. skate).

Liver. The liver provides an illuminating example of the minor differences

in distribution of the 'lymphoid tissue' in a single organ within a group of

closely allied animals. According to Drzewina lymphoid tissue is greatest in

the livers of urodeles, least in many frogs and toads. It is absent from the livers

of adult birds and mammals though present there during embryonic life

(Dantschakoff, 1916). In some species of Ichthyopsida the simple perivascular

cuffs, as in ganoids, undergo hypertrophy cortically or centrally in the liver

to form comparatively large masses of tissue. Oppel (1889) was the first to

describe the thick 'couche corticale' of lymphoid tissue beneath, but not

attached to, the hepatic serosa of the primitive urodele 'Proteus anguineus'.

Drzewina found a similar arrangement in the liver of the terrestrial salamander

and believes this layer to be made up of the fused perivascular cuffs of

numerous cortical blood vessels. Similar vagaries in distribution will be

noted when the location of mast cells in the livers of higher vertebrates is

examined.

There is some experimental evidence that the extent and activity of the

lymphoid tissue of Ichthyopsida are influenced by the nutritional state of the

organism and that a compensatory increase in activity of this tissue follows

splenectomy (Drzewina, 1905; Ohuye and Ochi, 1954).
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Relationship of mast cells to eosinophils. Before leaving the subject

of the mast cells in the lower vertebrates we may briefly consider the views of

Jordan and his school on the relationship of mast cells to eosinophils in blood

and tissues. This is particularly necessary since Jordan's conclusions at first

appear to be in conflict with those of most other workers in this field.

In his earlier studies on blood formation in reptiles (Jordan and Flippin,

1913) and amphibia (Jordan, 1919) Jordan adopted a conventional outlook

and regarded the mast cell as a specific variety of granulocyte distinct from

and genetically unrelated to the eosinophil. The distinction is clear, even in

many arthropods: in certain crayfish, for example, eosinophils stem from a

highly localized tissue ('orgagne globuligene' of Cuenot, 1905) whereas, as we

have seen, the metachromatic basophils in the crayfish are of widespread

perivascular origin (Hardy, 1892). Later, however, Jordan and Speidel (1924a)

failed to find basophils in certain fish but were impressed by the abundance of

irregular amoeboid eosinophils in the gut wall of the teleostean scup and tautog.

Similar conditions apparently obtained in a reptile, the terrestrial salamander

(Jordan and Speidel, 1924/?). On reviewing their data in the light of an earlier

study of blood formation in the frog (Jordan and Speidel, 1923), these authors

conclude that the eosinophils arise from lymphocytes or undifferentiated

connective tissue cells and that the remaining cells with basophilic granules

are either 'unripe eosinophils
1

or, if the granules are bulky, irregular and

metachromatic 'eosinophils in course of degeneration'. According to Jordan

and Speidel (1923) such 'abortive eosinophils' are common in the spleen of

the bullfrog. Meanwhile Michels (1922; 1923) had studied the dense accumula-

tions of granular cells in the tissues of many lower vertebrates and had concluded

that morphologically and from their connective tissue habitat such cells are to

be regarded as mast cells. Nevertheless, Jordan (1926, p. 99) insists that 'the

granulocytes described and illustrated by Michels in various fish tissues,

stained metachromatically red with thionin and interpreted by him as mast

cells, are apparently strictly homologous with very similar cells occurring in

the gut wall of the scup and tautog (Jordan and Speidel, 1924a) where they are

definitely oxyphilic; and with those in the intestines of the leopard frog where

they are distinctly metachromatically basophilic. They are apparently identical

also with the tissue eosinophils which differentiate in the connective tissue of

the intestinal submucosa, and with the eosinophilic and special granulocytes

which develop in large part from the reticular cells in the peripheral area of the

femoral marrow of the rabbit; and with comparable cells with a similar origin

in the subcapsular region of the liver of the salamander, and in the capsule and

septa of the ovaries and testes of the skate' .... Apparently, then, he goes on

(p. 104), 'the so-called mast cells include three varieties: initial orthobasic

granular progenitors of eosinophils, ripening metachromatic eosinophils, and

11
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abortive or degenerating metachromatic eosinophils'. Thus in Jordan's view

(p. 103) 'metachromaticity of staining reaction is a phase of the ripening

process of the eosinophil granule. This is a novel conception of the meta-

chromatic granule, as distinct from the orthobasic granule, but the evidence

seems to permit of no escape.'

Novel as this conception may be, it must be conceded that there are few who

would agree with Jordan that metachromatism in the granules of connective

tissue cells implies either that the cells are degenerating eosinophils or that

they are eosinophils which are ripening so slowly that they will now never

achieve maturity. A mere glance at a suitably stained tissue spread from many
higher animals is enough to shake such a belief. In rodents and cattle the

connective tissues are often packed with cells filled with basophilic or basophilic-

metachromatic granules, whereas eosinophils may be entirely lacking. Indeed,

it might be as plausibly argued from Jordan's data that it is the metachromatism

of the granules which signifies that the cell has reached full maturity and that

any subsequent eosinophilic staining is a sign of degeneration; certainly this

concept would be more in agreement with the findings of Kollmann (1908)

and Kindred (1926) on the 'amoebocytes with spherules' in invertebrates and

with the work of others who have subsequently examined the granular cells

in fishes (Romieu, 1924; Bolton, 1933; Duthie, 1939). However, there are

great difficulties in interpreting the histological appearances shown by the

granular cells in fishes, especially the cells in the wall of the gut. As Al-Hussaini

(1949, p. 334) remarks 'the picture is still further complicated by the fact that

the number of granules which are stainable by one technique may be quite

different from that seen with a different one, even in one and the same fish. . . .

This suggests that even in one species the granules may be of differing chemical

composition and hence may have several functions to perform.' Most modern

workers agree with Ehrlich (1878) that the mast cell is a cell 'sui generis',

generically and functionally different from the eosinophil. It is true that

eosinophils often occur along with mast cells in pathological conditions in

higher vertebrates but there may be another explanation for this.

To sum up. Mast cells or their homologues are demonstrable in the tissues

of many invertebrates and lower vertebrates, and the sites at which these cells

are found in relation to the more general problem of blood formation suggests

an explanation for the presence of mast cells in marrow and tissues. The

gradual withdrawal of much of the original haemopoietic tissue into the bone

marrow, and the enclosure of the progenitors of the lymphocytes in nodes and

spleen, still leaves at the sites of former haemopoietic activity a scattered

residuum of what Maximow (1924; 1926) has called 'undifferentiated mesen-

chymal cells'. One possible line of development of these cells is the tissue mast

cell.

12
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Higher vertebrates, including man. Ehrlich (1877) and his pupil

Westphal (1891) found tissue mast cells to be numerous in cat, dog, goat, rat,

bat, and calf; rare in rabbit, hare, and guinea pig. Later, Zimmermann (1908),

using the excellent histological technique devised by his colleague Schaffer

(1907), showed that tissue mast cells are rather more common in the guinea

pig than Ehrlich believed and that they occur at the usual sites for mast cells

in mammals, namely in loose connective tissue generally and especially around

blood vessels, between fat cells, in peritoneum, in most organ capsules and in

the thymus. The guinea pig also resembles other mammals in that mast cells

are absent from the central nervous system. According to Krabbe (1928) the

hedgehog alone among the mammals has mast cells within the substance of

the brain, the cells being particularly common in the habenular ganglion.

There is general agreement with the findings of Ehrlich and Westphal regarding

mast cells in the other species which they examined. Much of our knowledge

of tissue mast cells in the embryonic and adult forms of higher vertebrates is

due to the painstaking studies of Maximow (1906; 1910; 1913; 1924) who
strengthened and expanded the views of Ehrlich and Westphal and dealt

summarily with their critics.

In his thesis Westphal (1891) mentions the variations in size of the granules

in mast cells of different species. Comparatively coarse in rat, mouse and

guinea pig the granules are small in birds and dust-like in amphibia. The name

'mast cell' as defined by Ehrlich (1878; 1879) is thus now more appropriate

for the cells with basophilic metachromatic granules in the higher vertebrates

than is the term 'coarse granulocyte' which we found convenient for describing

the homologues of mast cells with variable staining properties in the tissues of

lower organisms.

Minor differences in distribution of mast cells are found in mammals as

in lower vertebrates, the liver again providing a good example of the variation

in the mast-cell pattern among related species. Thus the cells are exceptionally

large and numerous in the capsule of ox liver (Holmgren and Wilander, 1937),

whereas in the liver of the dog they are small and are found near the portal

tracts and scattered diffusely throughout the liver parenchyma (Nagayo, 1928).

In contrast to the high mast-cell content of the liver in ox and dog the liver in

rabbit and rat is almost devoid of mast cells (Westphal, 1891 ). Holmgren and

Wilander (1937) describe in detail the presence and distribution of mast cells

in liver, spleen and lung of cow, calf, sheep, horse, pig, dog and rabbit. Corre-

sponding data for mast cells in the gut of several species of mammals are to be

found in the paper by Mota, Ferri and Yoneda (1956) and in the early investiga-

tions of Hardy and Wesbrook (1895) who emphasize the enormous numbers of

'splanchnic basophils' in the submucosa of carnivora. Arvy and Quivy

(\955a, b) describe in detail the distribution of mast cells in the alimentary tract

13



THE MAST CELLS

of the dog. However, for present purposes it is probably more instructive to

examine the origin and distribution of tissue mast cells in a limited number of

higher vertebrates than to compile a catalogue of the minor variations which

have been recorded. We shall therefore examine briefly conditions in rat and

man. For references to mast cells in other species the reader is referred to the

comprehensive review of the literature by Michels (1938).

Mast cells of the rat. The careful studies of Maximow (1910) and Alfejew

(1924) indicate that tissue mast cells are first recognizable in the early embryo

of the rat as small lymphoid-like cells with few granules and arise either from

fixed mesenchymal precursors or from basophilic non-granular wandering

cells which settle down and undergo differentiation in the loose subcutaneous

and intramuscular connective tissues of the head and neck. Mast cells appear

somewhat later than the other granulocytes and at first multiply heteroplastic-

ally, later by homoplastic mitotic division. By the end of intrauterine life the

topographical distribution of the tissue mast cells has spread to include all the

loose connective tissues (Laguesse, 1919; Urtubey, 1948; Arvy, 19566). Webb
(1935) states that the number of mast cells in the dermis of the white rat

increases tenfold from 5 days before to 19 days after birth, the count then

dropping slightly and remaining constant up to the fifty-first day. A sharp

increase in tissue mast cells up to the tenth day was also noted by Fish (1949).

Bates (1935), however, records a slight but progressive fall in the number of

tissue mast cells from birth onwards to 78 weeks with concomitant increase

in the number and size of the granules in the cells that remain. The cells are

common in the serous membranes and can be recovered in small yield from

the peritoneal fluid (Webb, 1931; Padawer and Gordon, 1955).

Mast cells are rare in the parenchymatous organs of the rat in contrast

to their great abundance in connective tissue and peritoneum. Lungs, spleen,

liver and kidney are virtually devoid of mast cells. However, they are by no

means uncommon in the oesophagus and in the forestomach, where they

appear to arise chiefly from precursors around the deeper vessels and, on

occasion, to migrate up to and even through the mucosa (Sansonow, 1909;

Cambel et al, 1952). They are comparatively rare in the rest of the alimentary

tract (Arvy, 1956/?; Mota et al, 1956).

There are no mast cells within the brain substance of the rat, though they

are common in the meninges (Waldeyer, 1875) and in the sheaths of peripheral

nerves (Riley, 1953o ; Riley and West, 1955a; Padawer, 1957).

Mast cells in man. Mast cells appear late in the human embryo as in other

species (Ehrlich, 1877; Holmgren, 1946; Kitanishi, 1956). During the course

of intrauterine life small cells containing a few metachromatic granules are

seen at sites of extramedullar haemopoiesis and in organs which are well

developed before birth, e.g. liver and gall bladder, eye, heart muscle and vessels,
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later in all the subcutaneous connective tissue. Staemmler (1921) emphasizes

the high mast-cell content of the developing thymus. Meanwhile, a generalized

metachromasia of the connective tisue is fading (Holmgren, 1939, 1940;

Bairati and Bianchini, 1953; Hjelmman, 1954; Kitanishi, 1956), although, as is

well known, metachromasia persists and is an outstanding feature of the

Wharton's jelly of the umbilical cord.

Numerous investigators have studied the development and distribution of

mast cells in the umbilical cord, seeking a possible relationship between the

diffuse metachromasia of Wharton's jelly and the compact, granular meta-

chromasia of the mast cells (Lehner, 1924; Pescetto, 1950; Sundberg et ai

1954; Moore, 1956). Mast cells appear much later than the Wharton's jelly,

which is itself non-metachromatic when it is first laid down in utero: later the

two types of metachromasia—diffuse and granular—can be distinguished by

their differing reactivity to certain enzymes (Moore and Schoenberg, 1957a

and b). Schoenberg and Moore (1958) have recently suggested that a simple

carbohydrate precursor elaborated by the fibroblast undergoes further con-

struction in the tissue spaces, a type of extracellular synthesis now known to

occur around certain micro-organisms (Markowitz et al, 1958). I have suggested

that a final alteration and storage of high-molecular sulphated mucopoly-

saccharide occurs in the mast cell (Riley, 1954, 1955). This would accord with

the finding of Hopf (1952) that mast cells often become very numerous in the

stump of the cord and adjacent peri-umbilical skin during the immediate

neonatal period. At this time small mast cells, rather poor in granules, are

demonstrable at sites in which mature cells are found in later life (Audrey, 1896).

In the adult, mast cells are common in all loose subcutaneous and sub-

mucous connective tissue (Harris, 1900; Staemmler, 1921). They occur

frequently in the connective tissue of the female breast (Higuchi, 1930) and in

the intermuscular connective tissue of uterus, bladder and even the tongue

(Raudnitz, 1883; Staemmler, 1921): indeed, they are common in the tongue of

most species (Westphal, 1891; Clowes and Owen, 1904). In the skin itself the

cells occur mainly near hair follicles, glands, small blood vessels (Ehrlich,

1878; Schwenter-Trachsler, 1906; Staemmler, 1921; Sylven, 1941) and between

fat cells (Hissard et al, 19506), tending, as Ehrlich so clearly pointed out in his

thesis (1878, trans, p. 87) 'to concentrate around the preformed structures

which traverse the connective tissue'.

In the gut the mast cells are situated chiefly in the villi, around the necks of

the duodenal glands of Lieberkuhn and scattered throughout the submucosa

of the small intestine and caecum (Westphal, 1891; Hardy and Wesbrook,

1895; Sansonow, 1909).

The perivascular habitat of the mast cell is so characteristic as to pass almost

without comment. Greggio (1911) and Quensel (1928) stress the presence of
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mast cells around capillaries; Neumann (1885) and Staemmler (1921) saw them

more frequently around small arterioles and venules. Jorpes, Holmgren and

Wilander (1937) describe mast cells around the vessels of the choroid and at

the limbus of the eye. In a statistical survey of mast cells in the adventitia

of the larger blood vessels Sundberg (1955) found a rise in mast-cell content up

to middle life, most marked in the aorta, followed by a decisive fall, especially

in the walls of the large veins.

The central nervous system of man resembles that of most other species

in lacking mast cells (Harris, 1900; Squartini and Giacanelli, 1956) though

they occur in the meninges (Rosenheim, 1886) and even in connective tissue

around the vessels of the choroid plexuses (Tsusaki, 1951) and pituitary

stalk (Gray, 1935; Consolandi and Briziarelli, 1952). Outside the central

nervous system the cells are comparatively common in the sheaths of peripheral

nerves (Henschen, 1928) though rare in and around autonomic ganglia

(Hermann, 1952).

The general conclusion to be drawn from this preliminary survey of the

distribution of the mast cells in man and in the rat is that they are, as Ehrlich

stated, cells of the loose connective tissue. As Staemmler (1921) points out,

their presence in a parenchymatous organ can usually be accounted for by its

connective tissue content, the exceptions, apparently, being thymus and, to

a lesser extent, lymph nodes in which the mast-cell content increases with hyper-

trophy of the parenchyma. The special relationship of the mast cells to the

lymphoid tissue has been considered above: further examples of the association

of mast cells with connective tissue and its possible significance will be discussed

when the mast-cell content of pathological tissues is examined. Meanwhile, we

may complete our survey of the normal organism by reviewing briefly the second

type of mast cell in the vertebrates, the blood mast cell, basophil or mast

leucocyte.

16



Chapter III

THE BLOOD MAST CELL, BASOPHIL OR MAST LEUCOCYTE

EXAMINATION of suitably fixed and stained preparations of the blood

of vertebrates shows a minority of the leucocytes to contain basophilic

metachromatic granules in their cytoplasm. These are the blood mast

cells or mast leucocytes and have been described in reptiles (Loewenthal, 1930;

Ohuye, 1952), fishes (Michels, 1923; Loewenthal, 1930), birds (Forkner, 1929)

and in many other vertebrate species (Ponder et al, 1928, 1929; Knoll, 1932).

The chief morphological features which distinguish the mast leucocyte from

the tissue mast cell are its smaller size, more rounded shape, its relatively scanty

cytoplasm and the decidedly polymorphous character of its nucleus (Harris,

1900), differences which the cells retain even though they leave the blood stream

and enter the tissues (Zimmermann, 1908; Ringoen, 1923). Like the tissue

mast cells, the mast leucocytes were first clearly described by Ehrlich.

It was not Ehrlich's habit to linger over his discoveries. In his

' Farbenanalytische Untersuchungen ' of 1891—forerunner of modern texts on

haematology—the chapters on tissue mast cells and on eosinophil leucocytes are

already handed over to his colleagues, Westphal and Schwartze. Meanwhile

Ehrlich (1891, p. 58) had discovered basophilic granular cells in human blood,

though so far only in myeloid leukaemia. Nevertheless, with characteristic

insight he at once perceived that the blood mast cells in higher vertebrates

are true leucocytes stemming from precursors in the bone marrow. By the

time that his textbook came of 1898 to be revised (Ehrlich and Lazarus, 1909)

the evidence for the myeloid origin of the blood mast cell was complete (Jolly,

1900).

It was thus all the more curious that the rival school of haematology led

by Pappenheim should criticize Ehrlich's views on blood mast cells without

checking the findings by the use of Ehrlich's own methods. As Michels (1938)

points out, the controversy which developed hinges on the interpretation of

findings obtained with inadequate histological techniques. Unfortunately

for Ehrlich's critics the two situations in which blood mast cells are common,
namely the blood of the normal rabbit and leukaemic blood in man, are

precisely those situations in which the mast granules are most water-soluble,

lending themselves readily to the production of artifacts during fixation and

staining (Westphal, 1891; Michaelis, 1902; Piette, 1955).

We have already reviewed the evidence of Jordan (1926) who, nearly twenty

years later, argued in favour of the degenerative character of the tissue mast

cell. With even less justification Pappenheim (1909) and his contemporaries
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Weidenreich (1908) and Proscher (1909) came to regard the blood mast cell as

a degenerative lymphocyte, the cytoplasmic bodies being alleged to represent

nuclear extrusions or a mucoid degeneration of the protoplasm. Thereafter,

Pappenheim's pupils, Bennachio (1911), Kardos (1911) and St. Szecsi (Pappen-

heim and St. Szecsi, 1912), persistently failed to find precursors for the blood

mast cells in the marrow of guinea pig and rabbit, ignoring completely the

excellent point made by Ferrata (1912) in his book, that a high basophil count

occurs in man in chronic myeloid leukaemia, not in chronic lymphatic

leukaemia as it should if the theories of Pappenheim and Weidenreich were

valid.

Outstanding in this period of confusion over the identity of the blood mast

cell is the high quality of the contributions of Maximow of St. Petersburg.

Maximow (1906) had previously stressed the abundance of mast cells in the

blood of the rabbit in contrast to the paucity of its tissue mast cells (Westphal,

1891 ). Four years later Maximow (1910) returned to this subject and presented

substantial evidence not only for the myeloid origin of the blood mast cells

in the rabbit but also for a similar origin of the mast leucocytes in guinea pig,

cat and rat. In 1913 he and Downey simultaneously published papers calculated

to end the controversy for any impartial observer. Maximow reviewed his

previous evidence, added fresh findings regarding the mast leucocytes in the dog

and searched normal marrow in man with such persistence that eventually he

was able to depict mast myelocytes in mitosis. The results of Downey's

research on the guinea pig led him to declare with like conviction (p. 137) that,

providing an adequate histological technique is used, 'the mast leucocytes

of the animal are so definite and characteristic that they can be identified from

the moment of their first appearance in the bone marrow'. Finally, Downey's

pupil, Ringoen (1919, 1923), using a fixative actually introduced by one of

Pappenheim's own students, St. Szecsi (1913), corroborated the myeloid

origin of the mast leucocytes in both rabbit and guinea pig, the accumulated

evidence of the period being critically evaluated by Maximow (1924).

In his summary Maximow (1924) reviews the status of the blood mast cell

throughout the evolutionary scale, pointing out as we have already observed

in discussing the tissue mast cell that it is only with the evolution of the bone

marrow that partition occurs in the production of mast cells. The mast cells

of lower organisms are derived from cells of the fixed mesenchyme or from

undifferentiated circulating precursors which lodge in the tissues and there

elaborate their characteristic granules (cf. Kollman, 1908; Michels, 1923;

Wigglesworth, 1956). Tissue mast cells in higher organisms continue to arise

and to remain in the old haemopoietic centres and a new type of cell, the mast

leucocyte develops in parallel with the other members of the myeloid series

and, with them, finds its way from the marrow into the blood stream. In
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Maximow's words (p. 544), 'whereas in the lower vertebrates the connective

tissue mast cells are intimately related to the basophilic blood leucocytes and

may originate from them through direct transformation after emigration out

of the blood vessels, the mast cells and the mast leukocytes of the mammals
seem to be independent cell types'. This independence is well shown in the

experiments of Ringoen (1923) who induced a mast leucocytosis in the guinea

pig by a subcutaneous injection of egg white and found that although blood

mast cells may then migrate into the tissues the cells promptly undergo dis-

solution: Zimmermann (1908) likewise experienced no difficulty in recognizing

extravasated blood mast cells in the guinea pig. The individuality of blood and

tissue mast cells and their separate origin and habitat in higher vertebrates are

thus clear.

However, as Maximow (1910) observed, there does appear to be a certain

degree of reciprocity between the numbers of blood and tissue mast cells in

various species, suggesting perhaps that both types of cell subserve the same

biological function. Thus, among the mammals, blood mast cells preponderate

in the rabbit, whereas in rat, mouse and most other species the tissue mast cells

far outnumber the mast cells produced by the marrow. Michels (1923) found

the tissues of certain species of fish to contain 'an incomparable abundance'

of mast cells. His statement that mast cells are entirely lacking in the blood of

fishes has been criticized by Loewenthal (1930), though the numbers of blood

mast cells in fish are never large. The proportion of mast cells in human blood

remains remarkably constant at 0-5-1-0 per cent of all leucocytes and is not

affected by local increase in tissue mast cells (Heller, 1904; Pappenheim, 1909;

Staemmler, 1921; Ellis, 1949). These small values are perhaps best expressed

as the absolute basophil count, the number of cells per c.mm. blood (Moore

and James, 1953). A raised basophil count is a regular feature of chronic

myeloid leukaemia (Ehrlich, 1891; Heller, 1904; Holmgren and Wohlfart,

1941) and tends to remain high even after the polymorph count has been

reduced by irradiation (Sabrazes, 1926). True basophilic leukaemia in man
is extremely rare (Joachim, 1906; Doan and Reinhart, 1941; Hule, 1950;

Lennert et al, 1956). Very recently two cases of so-called tissue mast-cell

leukaemia have been reported (Efrati, et al, 1957; Friedman et al, 1958).

Tissue mast cells in bone marrow

In addition to the mast myelocytes which produce the blood mast cells,

an occasional tissue mast cell is seen in smears or sections of human bone

marrow, being easily recognized by its large size and dense content of darkly

staining metachromatic granules. According to Jordan and Speidel (1924a)

tissue mast cells are comparatively common in the subcortical region of the

femoral marrow of the normal rabbit, and one has seen them in small numbers
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in this situation in the normal rat. A few tissue mast cells are always present

in the investing layer of periosteum which more closely resembles fibrous tissue

elsewhere.

Many haematologists have observed, as a rare event, an increase in the

number of tissue mast cells in the bone marrow of man and have sought to

endow the finding with diagnostic or prognostic significance. Undritz (1946),

Leitner (1949) and Bremy (1950) record such an increase in cases of aplastic

anaemia; Messerschmitt (1954) found them regularly in the marrow of patients

suffering from chronic blood loss. Bremy (1950) concludes his monograph

with the suggestion that not only does an increase occur in patients with aplastic

anaemia, but also in cases of anaphylaxis, and that the chief underlying cause

is a reticulosis affecting the bone marrow. Both he and Fadem (1951) consider

the possibility that the mast cells are the cause of the depressed haemopoiesis.

However, Johnstone (1954), in a re-examination of the problem, failed to find

any significance, diagnostic or prognostic, in the occasional appearance of

tissue mast cells in the bone marrow of man, though he acknowledges that the

highest content seen by him was in a case of Banti's splenomegaly. Johnstone

makes the interesting observation that the tissue mast cells in the marrow

generally lie at the periphery of small nodules of lymphoid cells, much as they

are related to nodules of non-encapsulated lymphoid tissue in the gut wall of

cattle (p. 45) and to the 'milk spots' in the omentum of the rat (Webb, 1931).

It was noted earlier that tissue mast cells are not common in capsulated lymph

nodes (Holmgren, 1946).

The writer is inclined to agree with Williams (1952) and de Vinals (1954)

that, in all probability, tissue mast cells in bone marrow have much the signifi-

cance that they have elsewhere, being a normal component of the connective

tissues (Riley, 1954). Hence, if the connective tissue framework of the bone is

proliferating, as in the reticuloses, or if the haemopoietic marrow is reduced,

as in aplastic anaemia, then local conditions favour an increase in tissue mast

cells.

Two pathological conditions affecting the long bones of rats have recently

been described which support this view. In the first, a triple syndrome of

decalcification—rickets—osteitis fibrosa is associated with fibroplasia in the

metaphysis (Urist and MacLean, 1957). The second is the lathyrus syndrome

in which there is distortion and remodelling of the shaft (Gillman, 1958).

A mastocytosis develops in the zone of abnormal fibroplasia in each case.
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Chapter IV

MAST CELLS IN PATHOLOGICAL CONDITIONS

TO study the presence and significance of mast cells in pathological

states is again to acknowledge our debt to the pioneer observations of

Ehrlich (1878) who, it will be remembered, chose the name ' Mastzellen

'

following his observation that the cells are more numerous where the local

nutrition of the connective tissues appears to be enhanced.* Ehrlich (1879)

describes two situations where connective tissue may be overnourished, in

chronic inflammation and the environs of tumours. Here, he infers, there

exists a lymph stasis, a damming up of tissue fluid rich in nutriment, whereby

certain fixed connective tissue cells are stimulated to become mobile, to multiply

and to convert some of the abundant extracellular material into specific intra-

cellular granules—a process of 'mastung' or fattening (the German root is

still preserved in such English words as beech "mast
1

and 'mastication').

According to Ehrlich (1879) the mast cells are 'indices of the nutritional state

of the connective tissue', increasing during periods of hypernutrition, diminish-

ing during periods of relative starvation. And it must be admitted that all the

research work of the past seventy-five years has failed to displace entirely

this original hypothesis of the function of the mast cell in relation to the

connective tissues.

Mast cells and inflammation

Ehrlich was careful to point out that a local increase in the mast cell

population occurs only in chronic inflammation. Mast cells are thus common
in chronic paronychia (Baumer, 1896), in chronic gingivitis (Todoro, 1938)

and in other situations where fresh connective tissue is being laid down
(Staemmler, 1921), even though the normal organ might originally be poor

in connective tissue and lacking in mast cells, as in brain (Neumann, 1885;

Baeckeland, 1950), thyroid (Blomquist, 1956) and kidney (Baar and Bickel,

1952). In comparing normal and diseased organs Janes and McDonald (1948)

regularly observed an increase in the number of mast cells in chronic inflam-

matory conditions of joints, appendix, gall bladder, breast, uterus, prostate and

other organs and tissues in which there is fibrosis. Mast cells are thus commonly

seen in the granulomatous lesions of syphilis, tuberculosis (Harris, 1900) and

regional ileitis (Trincao, 1953). Increased numbers of mast cells have also been

* Ehrich's 'Mastzellen' are variously described by later investigators as 'cellules isoplastiques

\

' cellules a l'engrais ', ' mastocytes ', 'cellulas cebadas', etc. Among modern workers, Arvy (\955d)

still prefers the term 'labrocyte', once favoured by Michels (cf. Michels, 1938, footnote p. 251, and
discussion to Arvy, 19556, pp. 222-223).
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described in chronically infected or hypertrophied nerve sheaths (Rosenheim,

1886; Unna, 1894; Greggio, 1911), in fibrotic adrenals (Sabrazes and Husnot,

1907), in rheumatic myocarditis (Hamilton and Syverton, 1950) and are

particularly numerous at the base of chronic peptic ulcers (Quensel, 1928;

Janes and McDonald, 1948; Corbetta, 1951; Squartini et al, 1956). They are

frequently seen in chronic inflammatory conditions of the skin (Asboe-Hansen,

1950; Prakken and Woerdemann, 1952). Both Ehrlich (1879) and Westphal

(1891) were impressed by the abundance of mast cells in 'brown induration

'

(haemosiderosis) of the lung. However, they and many later authors agree

that in acute inflammation the mast cells temporarily disappear (Neumann,

1890; Neuberger, 1894; Maximow, 1904; Ernst, 1926; Stockinger, 1927;

Brodersen, 1928; Quensel, 1933; Larsson and Sylven, 1947; Drennan, 1951;

Gustafsson and Cronberg, 1957; McGovern, 1957). Later, as the acute

inflammation subsides and as spindle-shaped fibroblasts elaborate their fibrils,

there occurs a progressive increase in the number of mast cells in the affected

area; and as long as this proliferative phase persists the local mast-cell popula-

tion continues to increase (Staemmler, 1921; Bensley, 1950). Enormous

numbers of mast cells are thus found in the hypertrophied connective tissue

of elephantiasis (Baumer, 1896; Ehrich et al, 1949). Once healing is complete

the local hyperaemia subsides and the fibrous tissue becomes progressively

less cellular, finally dry and sclerotic. As it does so the local mast-cell popula-

tion likewise declines until, in dense scar tissue, no mast cells remain (Ehrlich,

1877; Neumann, 1890; Baumer, 1896; Staemmler, 1921; Higuchi, 1930).

This sequence of events, seen in the connective tissues of the healing wound

(Maximow, 1904; Sylven, 1941; Numers, 1953; Wichmann, 1955), becomes

even more obvious during the life cycle of keloid (Pautrier and Woringer, 1931

;

Sylven, 1941, 1945; Asboe-Hansen, 1951).

Examination of the status of the mast cell in the inflammatory process

thus supports Ehrlich's view that there appears to exist a functional association

between the mast cell and connective tissue, increasing fibroplasia merely

emphasizing a relationship which we have already noted in our study of the

mast cell in the normal organism (Riley, 1954).

Mast cells and tumours

Four aspects of the relationship of mast cells to tumours can be distinguished.

They are:

—

1

.

the mast-cell reaction to established tumour growth

;

2. tumours rich in mast cells;

3. tumours composed of mast cells;

4. the mast cell in carcinogenesis.
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1. Mast-cell reaction to tumours. Ehrlich (1879) records that he found

many mast cells in tumours, 'especially carcinoma', but it was left to his pupil,

Westphal (1891), to recognize that the cells tend to congregate chiefly at the

periphery of carcinomatous nodules rather than within the substance of the

tumour. Westphal (p. 40) states that 'especially around rapidly growing

carcinomas the mast cells accumulate in unprecedented numbers' ('in colossaler

Menge'). This predilection of mast cells for the environs of tumours has

repeatedly been confirmed both for spontaneous tumours (Unna, 1896; Fromme,
1906; Bonney, 1908; Weill, 1919; Staemmler, 1921; Higuchi, 1930; Quensel,

1933; Michels, 1938; Sylven, 1940; Bali and Furth, 1949) and for experimentally

induced new growths (Bierich, 1922; Peyron, 1923; Fabris, 1927; de Vinals,

1931; Cramer and Simpson, 1944; Holmgren and Wohlfart, 1947). Sylven

(1945) in particular has studied the distribution of metachromatic 'free chromo-

trope substance' and the disposition of mast cells in and around mesenchymal

tumours. According to Sylven the process of tumour invasion is preceded by

the conversion of the adjacent normal connective tissue into a gelatinous

matrix rendered metachromatic in part by the release of granular material from

tissue mast cells. In slowly growing mesenchymal tumours the preliminary

process of digestion of the normal tissue so far outstrips the subsequent

utilization of this 'free chromotrope substance' that the tumour is seen to be

surrounded by a vivid band of diffuse metachromasia, whereas in more
anaplastic growths the metachromatic zone is consumed as fast as it is formed.

However, Sylven (1945) himself records that in keloid the generalized meta-

chromasia is strongest during the period of most active growth, mast cells

appearing later as the 'free chromotrope substance' is fading and differentia-

tion is setting in. It has yet to be shown that the metachromasia of 'free

chromotrope substance' and of mast cells are histochemically identical, or are

even causally related (Holmgren and Wohlfart, 1947; Riley and Drennan,

1949; Favilli, 1950).

There is a second way in which mast cells may be concerned in the growth

of an established tumour, namely through the ability of a tumour, especially

an epithelial tumour, to induce for itself an internal stroma of blood vessels

and fibrous tissue. Several authors have noted that in slowly growing scirrhous

carcinomas the relatively abundant and well differentiated stroma usually

contains an appreciable mast-cell content (Baumer, 1896; Harris, 1900;

Williams, 1900; Clowes and Owen, 1904) whereas in more anaplastic tumours

the stromal mast cells are few and poor in granules (Regaud and Lacassagne,

1922; Higuchi, 1930; Holmgren, 1946).

Consideration of the foregoing data suggests that the accumulation of

mast cells around the growing edge of tumours and the presence of mast cells

within the stroma of slowly growing neoplasms both reflect changes in the
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connective tissues, invasion of normal tissues favouring the development of

mast cells, other mast cells arising as fresh connective tissue is laid down
within the tumour itself.

2. Tumours rich in mast cells. Certain tumours appear to have a

characteristically high mast-cell content irrespective of the state of their stroma

or of the accumulation of mast cells at the periphery, though there is nothing

to suggest that the mast cells themselves are malignant. In view of what has

already been said concerning the normal habitat of the mast cell in relation to

fibrous tissue and blood vessels, it is not surprising to find the cells in simple

fibromas and angiomas (Baumer, 1896; Harris, 1900). Numerous mast cells

have also been observed in the skin lesions of neurofibromatosis (Unna, 1896;

Greggio, 1911 ; Cornil and Michon, 1924).

So far as frankly malignant tumours are concerned Holmgren and Wohlfart

(1947) report an interesting experimental study of mast cells in chemically

induced fibrosarcomas in rats, the cells being numerous in fibroplastic tumours,

less common in more cellular growths. Within the substance of the tumours

the mast cells are scattered diffusely among the malignant fibroblasts, and though

the tumours are often rich in blood vessels, perivascular mast cells are compar-

atively rare. Serial transplantation of fibroplastic sarcoma rich in mast cells

led to the emergence of more cellular growths and, as this transition occurred,

the mast-cell content of the tumours declined. Other significant observations

in this study are first, that mast cells are always numerous at the periphery of

the tumours irrespective of their internal mast-cell content; secondly, that no

correlation whatsoever was seen between the density of the mast-cell population

and the presence or absence of 'free chromotrope substance' as described by

Sylven. Holmgren and Wohlfart conclude (p. 689) that 'the most likely

assumption appears to be that the mast cells develop locally in the connective

tissue of the tumours', a suggestion which is in line with the observations which

we have already made in our examination of the mast cell in chronic inflamma-

tion. I have confirmed many of the above findings in a series of uterine fibroids

and fibrosarcomas in women.

Of great interest, therefore, are the non-fibroblastic tumours rich in mast

cells discovered in inbred mice by Bali and Furth (1949). The first is a trans-

plantable splenic tumour composed of polygonal epithelium-like cells 'thought

to be derivatives of splenic reticulum' and often containing erythropoietic foci

and large accumulations of mast cells. According to these authors (p. 607)

the mast cells were always numerous, 'in the "capsule" of the tumour and were

abundant about the connective tissue stroma and about the adventitia of

vessels', characteristics which the tumours retained on transplantation. It

is noteworthy that growth on transplantation was extremely slow, often

requiring up to six months for a nodule to become palpable.
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The second tumour, a luteoma, contained even more mast cells than the

splenic tumour; here again the mast cells were chiefly associated with the con-

nective tissue stroma although (p. 616) 'transplantable luteomas characteristi-

cally rich in mast cells were relatively poor in connective tissue'. In addition,

some of the luteoma cells displayed a diffuse metachromasia of their cytoplasm.

In contrast to both the splenic tumour and the luteoma was granulosa cell

tumour which contained no mast cells though they were often present in the

peritumoral tissues. Thus, whatever may be the reason for the high mast-cell

content of the splenic tumour and the luteoma it cannot be explained simply

on the presence or absence of stroma, despite the fact that mast cells, when

present, tended to be related to the connective tissues. It seems that certain

tumours are capable of stimulating the development of mast cells though the

precise reasons for this are not clear.

3. Tumours composed of mast cells. Rarely a tumour is discovered

which is itself composed of mast cells. Among the most striking examples of

local aggregations of mast cells in pathological states are the skin lesions of

urticaria pigmentosa, discovered by Nettleship (1869) and beautifully described

in his book by Unna (1896). The skin manifestation of urticaria pigmentosa

consists of a dense collection of mast cells distending the papillary body and

causing thinning and elevation of the overlying epithelium, the prickle cells of

which are pigmented. The mast cells extend into the dermis as columns of

cells separated by blood vessels and collagen: very occasionally the regional

nodes are enlarged and contain mast cells. On irritating a lesion the papule

swells and may even form a blister localized to the pigmented area while the

surrounding skin shows more or less erythema. Typically the lesions are small

and multiple and tend to disappear spontaneously about the time of puberty,

although occasionally the disease makes its first appearance in adult life.

Clearly, this is not a malignant tumour in the accepted sense, though it may
well belong to the group of reticuloses (Cazal,1942; Sagher, 1956; Marshall

etal, 1957; Nickel, 1957; Remy, 1957).

So far as the writer is aware only one case of true mast-cell tumour in man
has been recorded (Hissard, Moncourier and Jacquet, 1950a). A forty-one-

year-old male developed numerous partly fixed and ulcerating skin tumours

over the abdomen and buttocks; both liver and spleen were palpable. Biopsy

of a skin lesion showed it to consist almost entirely of mast cells and blood

vessels. The blood picture was normal except after splenic puncture or the

injection of adrenaline when mast cells temporarily entered the circulation.

In a more detailed account of the histology of this case, Hissard, Moncourier

and Jacquet (19506) describe the origin of the tumour mast cells from dermal

precursors and believe that the cells migrate towards the epithelium where they

undergo lysis.
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Two types of mast-cell tumour have been reported in mice. The first

consists of single or multiple nodules in the skin of mice which have been

painted with a carcinogen, one such tumour (the '3187 transplantable mast-

cell sarcoma') proving sufficiently autonomous to be carried as a transplant

for several generations before it eventually died out; a more recent tumour is

still available (Dunn and Potter, 1957). A similar transplantable mastocytoma

has been derived from a mouse subjected to ionizing radiation (Furth et al,

1957). The second type, more properly described perhaps as a diffuse masto-

cytosis, is seen occasionally in old Strain A mice in which mast cells infiltrate

the internal organs, especially the spleen. In discussing the aetiology of the

condition Deringer and Dunn (1947) record that a high mast-cell content of

the spleen appears to be a common feature in old mice of this strain.

Spontaneous single or multiple mast-cell tumours are by no means un-

common in certain domestic animals (cf. Head, 1953). Sabrazes and Lafon

(1907) describe a tumour consisting predominantly of mast cells and eosinophils

which appeared on the lip of a horse following injury. Sabrazes, Muratet and

Antoine (1908) also record a pigmented tumour on the eyelid of a cat whose

spleen was distended with mast cells and plasma cells. We have recently had

the opportunity of examining several types of mastocytoma in domestic

animals, including a cow with multiple mastocytomas of the skin (Head et ah

1959, and see Chapter X).

Subcutaneous mast-cell tumours are seen most frequently in dogs (Bloom,

1942; Mulligan, 1948; Head, 1953). According to Bloom, solitary benign

mastocytomas in dogs consist of densely packed islands of well differentiated

mast cells separated by strands of almost avascular stroma. More rarely the

tumours are multiple and malignant, the neoplastic cells often containing one

or more varieties of curious cytoplasmic inclusion. In dogs with multiple

tumours malignant mast cells may also be found in liver, spleen, lung, marrow

and in the regional lymph nodes, the liver and lymph nodes also often showing

connective tissue hyperplasia. Bloom concludes (p. 674)
k

It seems reasonable

to assume that the neoplastic mast cells arose from proliferation of the pre-

existing tissue mast cells, and in this process lost their polymorphism and acquired

a generally more oval or spherical form and a larger, relatively vesicular

nucleus. The transformation was accomplished in the solitary tumors by

amitotic activity, as evidenced by binucleation and occasionally constricted,

elongated nuclei, and in the multiple tumors by mitoses and amitoses'. Malig-

nant cells from mast-cell tumours in dogs and cattle have been successfully

grown in tissue culture (Paff, Bloom and Reilly, 1947; Paff, Montagna and

Bloom, 1947; MacDougall, 1954).

4. The mast cell in carcinogenesis. Very early in the study of experi-

mental carcinogenesis a striking mast-cell reaction was noted in the skin of
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mice undergoing local treatment with a carcinogen. This is particularly evident

when the carcinogen is tar (Bierich, 1922; Dreifuss and Bloch, 1922; Peyron,

1923; Lipschiitz, 1924; Ulesco-Stroganowa, 1927, de Vinals, 1931). The mast-

cell content of the painted area steadily increases during the induction period

until, on occasion, the aggregates of mast cells become visible to the naked eye

(Borrel et al, 1923; Schreuss, 1923; Fabris, 1927; Twort and Twort, 1930).

That the mast-cell response is not merely part of a tar dermatosis is shown by

the development of a similar reaction following the infrequent application of

a pure carcinogenic hydrocarbon dissolved in benzene (Cramer and Simpson,

1944) or even in acetone (Orr, 1938). In seeking to evaluate the significance

of the mast-cell reaction in carcinogenesis in the skin of mice, it is of interest

that a mast-cell response has also been observed in the skin of rats subjected to

the action of arsenic or X-iays (Bierich, 1922) and in the skin of mouse or man
following exposure to ultra-violet light (Meirowsky, 1908; Von Mollendorf,

1928). It seems that at least in certain species the mast-cell response is in some

way related to the carcinogenic response, though the mechanism of the reaction

is not yet understood.

To sum up. Later investigations on the mast cell in chronic inflammation

and in pathological conditions characterized by fibrosis endorse Ehrlich's

original belief that there is some functional association between the mast cell

and the connective tissue, especially at the stage of fibrillogenesis: many of the

observations on the occurrence of mast cells in and around established tumours

can also be explained in this way. Other tumours rich in mast cells yet poor

in fibrous tissue, and the curious local mastocytosis in the skin of mice during

carcinogenesis are not yet understood.
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Chapter V

THE MAST CELL AND HEPARIN

IN
1937, sixty years after Ehrlich's discovery, interest in the mast cell was

suddenly stirred by the claim that the mast cell is the site of formation or

storage of heparin, the natural anticoagulant of the circulating blood

(Holmgren and Wilander, 1937). To those who had worked on the mast cell

from a morphological standpoint (Michels, 1938) the new hypothesis was

entirely unexpected; nevertheless, at first sight it seemed unassailable.

Scandinavian workers had for long been interested in a powerful anti-

coagulant, first isolated from dog liver and hence called 'heparin'. When it was

first discovered, heparin was thought to be a phosphatide (McLean, 1916),

but as a result of the tenacious researches of Jorpes (1946) and his colleagues,

it was eventually shown that heparin is a polymer of disaccharide units (glucur-

onic acid and glucosamine) strongly esterified with sulphate (Jorpes, 1936).

As Jorpes (1946) points out, it was the high sulphur content of the ash which

supplied the analytical clue not only to the unusual nature of heparin but also

to its remarkable inhibitory effect on the clotting process. However, it was

already clear that the name 'heparin' is not entirely appropriate. Charles

and Scott (1933, p. 434) observe that, even in the dog, 'the liver is not necessarily

the seat of production for heparin, nor does it contain the only reserve of heparin

in the body'. Whereas the liver of the dog is exceptionally rich in heparin,

the liver in certain other species contains only the merest traces.

Two fresh findings combined to solve the mystery of the cytological location

of heparin. Lison (1935), in Belgium, had discovered that the metachromatic

staining reaction has histochemical significance, being positive with high

molecular poly-sulphuric acid esters of the type R-[OS0 3H]n . Meanwhile,

Jorpes (1936) had observed that the strongly acidic heparin in solution is

precipitated by, and stains metachromatically with, the basic dye, toluidine

blue. The next step was to search the tissues for a metachromatic component

corresponding to sites rich in heparin.

Holmgren and Wilander (1937) then quickly rediscovered the metachromatic

granules in the mast cells: cartilage, the only other common tissue component

which stains metachromatically is almost devoid of anticoagulant activity

(Jorpes, 1937). Holmgren and Wilander found mast cells to be so numerous

in the capsule of ox liver that they describe it as a 'pure culture of mast cells'

and this tissue gave the highest yield of heparin : little heparin was found in

the underlying parenchyma of ox liver which contains few mast cells. In

contrast, mast cells are numerous in the liver parenchyma of the dog, the
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original source of heparin. Jorpes, Holmgren and Wilander (1937) extended

their investigations to various human tissues, again finding a satisfactory

correlation between mast-cell content and heparin value, and their findings

have been thoroughly endorsed by later work (Ehrich et al, 1949). The mast

cell-heparin hypothesis was confirmed some ten years later when a small mast-

cell tumour from the skin of a dog was found to contain fifty times more heparin

than the animal's whole liver, the organ from which 'heparin' received its

name (Oliver et al, 1947). Even the metachromatic granules of the blood

mast cells are believed to contain heparin (Behrens and Taubert, 1952; Martin

and Roka, 1953). As Jorpes (1946, p. 60) remarks, 'There is no doubt whatso-

ever about the nature of the granular substance of the mast cells. It is heparin.'

According to Quensel (1933) mast cells are especially common around

thin-walled blood vessels and capillaries. Thus the new hypothesis seemed to

offer an attractive explanation for the well-known perivascular distribution

of the mast cells: mast cells are perivascular because they produce an anti-

coagulant which they pour into the circulating blood. Even to those with

little taste for teleology it seemed that Ehrlich's 'riddle' had been solved.

The establishment of the mast cell-heparin hypothesis ended the second

phase of interest in the mast cells. The first, as we have seen, was their discovery

by Ehrlich and the evidence of later workers which appeared to relate the mast

cells to the connective tissues. The second phase gave the mast cell its first

physiological function; this seemed clearly to relate the mast cell to the blood.

It is the purpose of the next section of this book to describe the work of my
colleagues and myself in Scotland who have shown that the mast cell is not

only rich in heparin, it is equally rich in histamine. This has again directed

our thoughts towards a possible function of the mast cells in the tissues.

Inevitably it has also raised doubts concerning the functional significance of

the metachromatic substance of the mast-cell granules.
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Chapter VI

INTRODUCTION

The mast cell and carcinogenesis

MY own introduction to the mast cell occurred during student days,

fortunately, perhaps, before the relationship of the mast cell to

heparin had been discovered. One of my teachers in Edinburgh,

the late Mr. J. J. M. Shaw, remarked that, in the course of some experiments on
tar cancer in mice, he had confirmed an earlier observation of an increase in

the mast-cell content of the painted skin (cf. Woglom, 1926). On being asked

what was the function of these numerous cells with blue or purple granules,

Mr. Shaw replied that he did not know. This confession of ignorance on the

part of a favourite teacher was in itself so stimulating that I never forgot the

mast cells : in particular, the thought remained that in some way the mast cell

might provide a clue to the mechanism of carcinogenesis.

A few years later the first pure carcinogenic hydrocarbon, 1, 2, 5, 6-

dibenzanthracene, was identified and synthesized. This and other carcinogenic

hydrocarbons dissolved in a non-irritant solvent, acetone, were used to paint

the skin of a group of mice and were found to elicit a mast-cell reaction in the

dermis similar to that which followed application of crude coal tar dissolved

in benzene. When commercial heparin became available an attempt was made
to influence the course of carcinogenesis by injecting heparin under the painted

skin. Unfortunately, no clear cut results emerged from these latter experiments,

nor from a more extensive investigation on the effects of injecting or feeding

tumour-bearing mice with dyes which combine with heparin in vitro (Riley,

1948). Despite the disappointments, these early experiments at least confirmed

my interest in the mast cells and raised the suspicion that these cells probably

had functions other than the elaboration of an active anticoagulant for the

blood.

Shortly after the war I came across the interesting monograph by Sylven

(1941) who stated that the mast cells release a metachromatically-staining
k

free chromotrope substance' (F.C.S.) into the connective tissues during wound
repair: and since Fell and Danielli (1943) had found a comparable increase of

the enzyme alkaline phosphatase during fibroplasia, Dr. J. M. Drennan and I

(1949) examined the distribution of mast cells, F.C.S. and alkaline phosphatase

in a wide variety of animal tissues in the hope of finding a functional relation-

ship. Again there was disappointment, but we did notice that in certain species

the mast cells appeared to be migrating and maturing in a direction away from

their origin around small blood vessels. This led my own thinking back to
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Ehrlich's original conception, that the mast cell is concerned with events in

the tissues rather than in the circulating blood: in particular it seemed that the

mast cell might be involved in the problem of tissue histamine.

The mast cell and histamine

As long ago as 1880, Schmidt-Miilheim had shown that the dog reacts to an

intravenous injection of peptone by a severe shock accompanied by a remark-

able incoagulability of the blood. Almost a quarter of a century later Portier

and Richet (1902) described a similar syndrome in dogs receiving a second dose

of a foreign protein to which they had become sensitized; this acquired hyper-

sensitivity they named 'anaphylaxis'. The so-called 'anaphylactic poison'

causing the shock was shown in 1932 by Gebauer-Fuellnegg and others to be

due to histamine, but it was not till 1938 that Wilander explained the in-

coagulability by demonstrating also a gross increase of the heparin in the

circulating blood. More recently Rocha e Silva and his colleagues (1947)

obtained large yields of both substances from the isolated dog's liver perfused

with peptone or the specific antigen, and their findings have been confirmed

(Jaques et al, 1954). In retrospect it is curious that no one seems to have

thought that the histamine might also come from the mast cells, of which there

are many in the liver of the dog (Nagayo, 1928, and cf. also Fig. 1). The specula-

tion of the time was that since heparin is an acid and histamine a base, the

heparin in shock states is released either to neutralize the histamine causing

the shock or to oppose any increased clotting tendency of the blood. Testing

this hypothesis, I found that an intravenous injection of histamine into the

normal dog had no obvious effect on its clotting time, that peptone shock could

be readily elicited in the fully heparinized dog, and that an intravenous injec-

tion of a mixture of heparin and histamine was followed by the clinical signs of

both—incoagulability of the blood and a fall in blood pressure. There was,

in fact, no apparent antagonism between the two substances in the circulating

blood, and no reason therefore for postulating that they must be derived from

different sources in the tissues. The question thus became: could they arise

together—even from the same cell ?

This may now seem a somewhat obvious question to ask. However, at

that time there was a distinct mental barrier against regarding heparin as

anything but a natural anticoagulant. The existence of such a physiological

anticoagulant had for long been predicted; its discovery accorded well with

current views on blood coagulation. What perhaps is not adequately appreci-

ated, even today, is that the hypothesis of a slow release of heparin into the

blood as a natural anticoagulant rests on the findings in this single species,

the dog, in which the violent release of heparin in shock states was assumed to

be an exaggeration of a normal process. Yet the dog is the only animal known
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in which this anticoagulant has been shown to find its way from tissues to

blood in the course of peptone or anaphylactic shock, and in no other species is

there a comparable prolongation of blood clotting during anaphylaxis. It is

true, as the Scandinavians had shown, that heparin can be extracted chemically

ft V,
Fig. 1

Paraffin section dog liver, stained toluidine blue ( 192). The dark spots around the vein, in the
portal tracts and scattered throughout the liver parenchyma are tissue mast cells. The dog is

unique in having numerous mast cells in the substance of its liver. This finding has been
turned to great advantage in solving the mystery of Ehrlich's mast cells.

from the tissues of many species and in proportion to the original mast-cell

content, and that this extracted heparin, used in vivo or in vitro, proves to be

a highly efficient anticoagulant. Even so, we are not compelled to believe

either that a release of heparin is an essential feature of the anaphylactic

syndrome in general or even that the normal function of the mast cell is to

provide a constant slow release of anticoagulant to regulate blood clotting.

The dog is the exception, not the rule, with respect to the function of its mast

cells.

On the other hand, there was no lack of evidence at that time concerning

the participation of histamine in anaphylactic shock in many species, though
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it is noteworthy that Sir Henry Dale himself warns us against the easy assump-

tion that anaphylaxis and the release of histamine are synonymous. In his

own words (Dale, 1954, p. 210), 'Anaphylaxis ... is a phase of immunity, in

which a precipitating antibody is located in such a relation to living cells of the

fixed tissues or, in certain cases, of the circulating blood, that its union with the

reinjected antigen subjects the cells to a sudden injury. To this injury, as to

injury of any kind, these cells respond by the liberation of substances normally

held in their protoplasm.' Thus the argument might be extended, that if the

injured cell contains heparin it will release heparin, that if it contains histamine

it will release histamine, and that if both are present in the same cell, both will

be released during anaphylactic shock. We know that the release of histamine

in anaphylaxis is a comparatively common event. As mentioned above, only

the dog releases at the same time sufficient heparin to cause an obvious pro-

longation in the clotting time of its blood.

The question thus arises why does the dog alone show an incoagulability

of the blood in shock states? A partial answer, at least, can be given on the

factual observations that not only is the heparin from dog tissues a more

efficient anticoagulant than are the heparins of other species (Jorpes, 1946;

Bell and Jaques, 1956), but that even when the suprahepatic veins in the dog

are closed by spasm of their muscular walls (as they are when there is histamine

in circulation) there is still available the thoracic duct to lead the histamine

and heparin from the 'shock organ', the liver, direct to the blood stream (Riley,

1955; White and Woodard, 1957): an enhancement of the lymph flow through

the thoracic duct during shock states in the dog has long been known to occur

(Petersen and Levinson, 1923; Drinker and Yoffey, 1941). In this way the

heparin released in the liver of the dog during anaphylaxis avoids contact with

the connective tissues and filtration through the lymph nodes. In other species

the mast cells are not in a position to discharge their products directly into the

blood. Therefore, it can be said that there is no strong reason to reject the

idea that both histamine and heparin may come from a common source, the

mast cell, in all species.

Turning next to conditions in man we find even more positive evidence of

a relationship between the mast cell and histamine. Some years before Ehrlich

first described the mast cells, Nettleship (1869) had observed that slight trauma

to a focus of the skin disease, urticaria pigmentosa, leads to local swelling and

a reddening of the surrounding skin. This is the reaction which Sir Thomas
Lewis (1927) described as the 'triple response', a reaction later shown by Sir

Henry Dale (1929) to be the visible evidence of the release of histamine in the

skin. Very recently a case of widespread urticaria pigmentosa has been

described in which the child suffered from recurrent histamine shocks; but there

were no changes in the coagulability of the blood (Bloom et al, 1958a). Histo-
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logically, the beautiful description of Unna (1896) has been many times

confirmed that the lesion of urticaria pigmentosa is an aggregation of mast

cells.

The discovery of the specific histamine-liberators

It will be seen from the foregoing appraisal that there were two main

problems in mind when the present work was begun: first, is the primary

function of the mast cell to elaborate an anticoagulant for the circulating

blood? Second, is the mast cell also a potent source of tissue histamine?

An approach to the first problem was made by examining the normal

distribution of mast cells in as many tissues and species as possible, seeking

evidence for or against the theory that the metachromatic substance in the mast

granules (heparin?) is discharged direct into the blood. This work will be

described first in the account which follows. Then in 1949 a paper appeared

in the Journal of Physiology which seemed to offer a new and more direct

approach to the second question, the relationship of the mast cell to tissue

histamine. This was the account by Macintosh and Paton, working at the

National Institute of Medical Research, of a series of organic bases whose

pharmacological action appeared to be a specific release of histamine. These

compounds induced a 'triple response' when injected locally into the skin

of man; they produced a profound, though significantly delayed, fall of blood

pressure when injected intravenously into a cat; and in the dog their effects

resembled to a remarkable degree the syndrome of anaphylactic or peptone

shock—a fall in blood pressure and a prolongation of the clotting time of the

blood. The discovery of the histamine-liberators offered a means of expanding

the present investigation. The general plan of the work is given below.

1. To continue to obtain further information on the normal morphology

and distribution of the mast cells in various species with a view to deciding

whether they are functionally related to the blood or to the tissues: in particular

to examine the relationship of mast cells to blood vessels.

2. To study the mast cells in pathological states, especially where there is

clinical evidence of a release of histamine. (As stated above, the release of

histamine is of more general occurrence than the release of anticoagulant

heparin.)

3. To search for at least one species of laboratory animal suitable for

experimental studies involving an artificial alteration in the content of its tissue

mast cells, or tissue histamine, and to compare such changes: in particular,

to observe the effect on the mast cells of the newly discovered histamine-

liberators.

4. To determine, by direct assay, whether there exists a positive correlation

between the mast-cell content of a tissue and its histamine value.
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5. To trace the fate of the metachromatic 'heparin' which is released from

the mast cells in species other than the dog.

6. To use such data as might be obtained in a further attempt to

explain the role of the mast cell in chemical carcinogenesis in the skin

of mice.
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Chapter VII

DETAILED DISTRIBUTION OF MAST CELLS IN CATTLE
AND IN THE RAT

MAST CELLS IN CATTLE

THE classical mast cell-heparin hypothesis was based on the study of

mast cells in ox liver capsule (Holmgren and Wilander, 1937). It seemed

advisable, therefore, to make a comprehensive survey of the tissue mast

cells in cattle.

All material was collected fresh at the slaughter house and was fixed at once.

Tissue blocks were placed in formol-corrosive or in a freshly prepared 4 per cent

solution of basic lead acetate clarified by the addition of a few drops of glacial

acetic acid. Tissue spreads were fixed in 80 per cent alcohol. No advantage

was seen to follow the use of alcoholic stains on this material providing the

initial fixation had been adequate: accordingly, 0-1 per cent aqueous toluidine

blue was used throughout. On the other hand, it was found that contact

with water prior to fixation led to a rapid dissolution of the mast cells (Riley,

1954). The significance of this will be discussed later.

The following tissues were examined. Sections of brain, thyroid, lung,

thymus, aorta and superior vena cava, liver, kidney, adrenals, bladder, spleen,

large and small intestine, lymph node, skin, muscle and tendon, synovia and

pericapsular tissues of the ankle joint. Tissue spreads of dura mater, thyroid

capsule, pleura (visceral and parietal), pericardium (visceral and parietal),

liver capsule, kidney capsule, peritoneum, subcutaneous connective tissue and

tendon sheath. Representative illustrations are shown in Figures 2-10.

Results. The outstanding finding from this survey of mast cells in cattle

is the extraordinarily high mast-cell content of the capsules and serous membranes

of the various organs. No conception of the mast-cell content of such mem-
branes is obtained from a study limited to paraffin sections cut vertical to the

surface of the organ in the conventional manner. Nor are the mast cells

invariably, or even usually, related to the blood vessels in these capsules.

This is particularly evident when tissue spreads of ox liver capsule and ox

visceral pleura are examined (Figs. 6 and 9).

Further confirmation of this lack of relationship of mast cells to blood

vessels in serous membranes was obtained by injecting the vessels. Lobes of

lung and liver from freshly killed animals were washed out with warm Tyrode's

fluid and injected (either by vein or artery) with a 10 per cent (v/v) solution of

India ink in saline before stripping the 'capsule' and preparing the tissue
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spreads. Ox liver capsule proved to be almost avascular, whereas small vessels

were comparatively common on the surface of the lung. In neither case,

however, were the mast cells disposed in relation to the vessels: the cells

immediately under the mesothelial surface of both organs seemed to have an

entirely random distribution. Paraffin sections of lung indicate that mast cells

often surround the subpleuval vessels: even here, the cells lie mainly in the

perivascular adventitia of the small vessels with muscle coats (Fig. 10).

In some preparations mast cells appeared to be relatively common around

the subpleural lymphatics (Fig. 10). Further specimens of lung and liver were

therefore injected locally with a 1 per cent solution of the colloidal acid dye,

Evan's blue (T. 1824), in saline in the hope of demonstrating the lymphatics.

The injection was made immediately under the capsule and the area was then

massaged to spread the dye and force it into the lymphatic spaces. Examina-

tion of these spreads indicated that in general there is no more evidence of a

relationship of mast cells to lymphatics in ox liver capsule and ox pleura than

there is of their relationship to the blood vessels. The comparatively few

additional mast cells in the parenchyma of lung and liver which are seen in

paraffin sections are situated chiefly in the loose connective tissue surrounding

the bronchi and the portal tracts.

A rather curious observation was made in the capsules injected supravitally

with Evan's blue. In addition to filling the lymphatics the dye often stained

faintly the mast granules themselves. Such staining does not occur in fixed

preparations. This suggests that the mast granule in the living state contains

an albumin component for which Evan's blue has a strong affinity, as it has

for the albumins of the plasma proteins: this may perhaps be the 'heparin

complement ' described by Snellman, Sylven and Julen (1951). The unexpected-

ness of the observation lies in the fact that the mast granules are among the

most intensely basophilic structures in the body, the only other known method

of staining them with an acid dye being that of Bujard (1930) in which mast

cells in paraffin sections treated with bromine can now be stained with acid

fuchsin.

Mast cells are somewhat more obviously related to small blood vessels

in the dura mater, peritoneum, pericardium and tendon sheaths, though,

as in lung, they are more common around small vessels with a well-defined

adventitial coat than around the capillaries (Figs. 2, 3 and 4).

If the search for mast cells in cattle had stopped at this point it might well

have appeared that the function of the mast cell is related to some property

common to serous membranes, perhaps to the formation of the mucinous

material which lubricates their surfaces. Such an hypothesis might also

account for the high mast-cell content of the synovial joints which develop

from clefts in the primitive mesenchyme. However, it appears less likely when
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Fig. 2

Tissue spread, ox peritoneum; fixed alcohol, stained toluidine blue ( x 175). Mast cells
(dark spots) around arteriole and venule and scattered over the serosa.
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Fig. 3

Tissue spread ox visceral pericardium (as in Fig. 2). The loose perivascular distribution

of the mast cells is well seen < 175).
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the capsules of kidney, thyroid, thymus and adrenal are examined, and it hardly

explains the association of mast cells with the connective tissue generally.

Kidney capsule forms an interesting comparison with the capsules described

above, in that the true capsule of the kidney is separated from the overlying

peritoneum by a thick pad of loose perinephric fat and connective tissue.

Nevertheless, a tissue spread of kidney capsule shows it to contain a high content

Fig. 4

Tissue spread ox tendon sheath. Many mast cells, singly or in pairs, are scattered over the
serous surface ( : 140).

of mast cells (Fig. 8). In contrast, mast cells are entirely lacking in the kidney

parenchyma, though they are again seen in the subepithelial connective tissue

of the kidney pelvis and remain plentiful in this type of tissue throughout the

urogenital tract. Mast cells also occur in the capsules of organs which are

unrelated to the serous membranes: they are common in the loose connective

tissue which surrounds the thyroid and the adrenals and in the capsule and

trabeculae of the thymus. Indeed, mast cells are demonstrable in all the loose

fibrillary connective tissue in cattle: this includes the dermis and subcutis,

the loose intermuscular connective tissue of both voluntary and involuntary

muscles and the subsynovial and pericapsular connective tissue of joints.

Tissue of similar appearance can be traced in continuity from the pericardium
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Paraffin section ox liver. This confirms that virtually all the mast cells in the liver of this species
are in the capsule. Contrast fig. 1 for conditions in the dog. Toluidine blue ( 80). (Riley and

West (1953), J. Physiol. 120, 528.)

Fig. 6

Cleaned tissue spread of ox liver capsule. There are so many mast cells and scattered granules
that it is difficult to transmit light through the preparation ( x 140).



MAST CELLS IN CATTLE AND RAT

along the great vessels (especially the veins) down to the smallest arterioles

and venules, around which it forms their adventitial sheath.

Such loose connective tissue is also common in the wall of the gut, filling

the spaces between the deeper portions of the glands and forming the under-

lying submucosa. Enormous numbers of mast cells can be demonstrated in

any section of the complex gastric organ of cattle. In the submucosa of the

Fig. 7

Tissue spread, calf liver capsule. The mast cells are fewer and less well granulated than in the

adult ( 168).

small intestine the cells are concentrated especially around non-encapsulated

lymphoid nodules: where such a nodule is cut tangentially the appearances

suggest a solid focus of mast cells. Their presence under the investing layer of

peritoneum has been described above.

Mast cells are not common in lymph nodes proper and do not occur in

cartilage (ear and trachea), in mature collagen (tendo achilles) or in mature

elastic tissue (ligamentum nuchae). Nor are they seen within the central

nervous system, though they are common in the dura mater and the connective

tissue sheaths of peripheral nerves and occur also around the blood vessels

of the choroid plexuses.

This survey of the tissue mast cells in cattle thus emphasizes more their
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Fig. 8

Tissue spread ox kidney capsule. Despite the fact that this is not a true serous membrane
it still carries a rich complement of mast cells in its connective tissue (x 175).
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Tissue spread, ox visceral pleura. The thin surface membrane contains numerous mast cells. (Riley
and West (1953), J. Physiol. 120, 528.)

VV
art sr-

i m
If?

^ *^S*.
."»'

£*
•v- -^ #v r

*..

Fig. 10

Vertical paraffin section, ox lung. Nearly all the mast cells are situated in, or immediately beneath,

the pleura; they are common in the adventitia of the small vessels with muscle coats and around
the lymphatics. Only a few are seen in the lung parenchyma. (Riley and West (1953), /. Physio/.

120, 528.)
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association with a special type of loose connective tissue of wide distribution

than with any particular organ. Due weight must be accorded to this fact in

any hypothesis which attempts to explain the function of the mast cell.

MAST CELLS IN THE RAT: THEIR RELATIONSHIP TO
THE BLOOD VESSELS

(See Riley, 1953a)

Examination of mast cells in tissue spreads of subcutaneous connective

tissue and peritoneum from cattle was often rendered difficult by the presence

of fat, which continued to escape from intact fat loculi in the mounted prepara-

tions despite their having been previously immersed in xylol for as long as

forty-eight hours. This was the more troublesome as one of the objects of the

present study was to determine the precise relationship of the mast cells to the

small blood vessels which are otherwise admirably displayed in preparations

of this kind. Accordingly, a number of the common laboratory animals were

examined with a view to finding one from which permanent tissue spreads

could be made and upon which, if necessary, various experimental procedures

could be carried out. Of the species examined (dog, cat, guinea pig, rabbit,

hamster, mouse) the Wistar strain of albino rat appeared to be the most

suitable. A preliminary survey of its tissue mast cells was therefore first

undertaken, as in the previous survey of the tissue mast cells in cattle.

The following tissues were examined. Sections of brain, lung, thymus,

oesophagus, stomach, duodenum, large and small intestine, spleen, pancreas,

liver, kidney, uterus, skin and muscle. Tissue spreads of dura mater, sub-

cutaneous connective tissue, dorsal skin and subcutis of ear, diaphragm,

mesentery, omentum and the peritoneal fringes which are attached to uterine

horns in female rats (Figs. 11-18).

Results. Again the most striking single finding arising from this survey of

mast cells in the rat is the astonishing abundance of mast cells in the connective

tissues and serous membranes in contrast to the paucity of mast cells in the

parenchymatous organs. There are no mast cells in the brain substance or

in the kidney, and very few in the liver, spleen and pancreas (Fig. 16) though

they are found in the meningeal or peritoneal coverings of these organs.*

Mast cells are rare even in the lung. The comparatively small numbers which

are seen in the thymus are situated almost exclusively in the loose peri-thymic

and inter-lobar connective tissue. A few occur also in similar connective

tissue in the diaphragm and in the loose connective tissue lying between the

* It is interesting now to consult the original article by Waldeyer (1875) and observe his excellent

illustration (Fig. 1, pi. IX) of the so-called ' plasma cells ' near blood vessels in a tissue spread of

rat dura mater. These are obviously tissue mast cells.
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bundles of voluntary muscles, especially in the tongue. However, they are

rare immediately under the surface epithelium of the tongue, which lacks the

usual layer of subepithelial connective tissue and cannot be lifted off the under-

lying muscle (Fig. 17). Where such connective tissue is present, mast cells are

always to be found and their number is roughly proportional to the vascularity

of the part. They are thus very common in the subcutis of the nose and paws

and in the immediate vicinity of the nipples and ano-genital orifices. They are

exceptionally common in the thin subcutis of the ears in which they often sur-

round the hair follicles in characteristic circular patterns (Fig. 18, and compare

also Fig. 56).

Mast cells are seen in the wall of the oesophagus mainly around the veins.

A few occur in the deeper mucosa and the submucosa of the stomach, whence

they may be traced in diminishing numbers down the rest of the alimentary

tract.

In contrast to the general paucity of mast cells in paraffin sections of the

various parenchymatous organs (Fig. 16), a striking picture is seen when tissue

spreads stained with toluidine blue are examined. Here the predominant cell

is the mast cell and the relationship of the mast cells to the blood vessels in such

material can be accurately determined. The reader is referred to the original

publication for technical details of the methods which were devised for injecting

the blood vessels of the rat and for preparing and staining the tissue spreads

(Riley, 1953a).

Dorsal subcutaneous connective tissue

Vessels. The dorsal subcutaneous tissue of the rat is characterized by the

presence of parallel neurovascular bundles which run in segmental fashion

round the flanks and ultimately contribute to the rich vascular network of

the mammary glands (Figs. 11-13). These vessels themselves often throw off

branches laterally into the transparent connective tissue separating them from

adjacent neurovascular bundles, either as a tree-like arborescence (Fig. 13)

or, more rarely, a closed vascular loop (Fig. 12). Not infrequently their

branches anastomose with coi responding branches from the next main vessel.

At their origin the smaller twigs have usually a double muscle coat and this,

in turn, is surrounded by an adventitial sheath of connective tissue from which

are derived such perivascular fat cells as may be present. As the calibre of

the vessel diminishes, first the outer layer of muscle is lost, then the inner, and

finally the adventitia until around the capillaries only an occasional adventitial

cell remains.

Mast cells. The neurovascular bundles themselves are enveloped in a

swarm of elongated ovoid mast cells lying in the adventitia close to and parallel

with the walls of small vessels (arterioles and venules) with muscle coats. These
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cells stain uniformly in a blue, orthochromatic tint and so densely as to obscure

the nucleus. For convenience these may be called type-I mast cells.

If we now follow the vessels distally it is seen that there is a gradual change

in the type of perivascular mast cell. Where the muscular vessels are enveloped

in fat the type-I cells remain close to the vessel between the muscle and the

surrounding fat. However, where the muscular vessels traverse loose connective

Fie;. 11

Mast cells in connective tissue near mammary gland. Chains of type-I cells accompany the main
vessels with muscle coats. Scattered type-I I cells are associated mainly with capillaries, best seen

to the right of the field (. 40). (Riley (1953), J. Path. Bad. 65, 461.)

tissue the type-I cells appear free to move away from the vessel wall and to

become larger and irregular in shape. In these cells the homogeneous staining

is gradually resolved into orthochromatic granules set in a clear cytoplasm and, as

the granules become further dispersed, they stain purple to red (metachromasia).

These cells have been designated type-I I mast cells. In some of them the round

nucleus is represented by a clear space from which the granules have been

pushed aside. Around the capillaries type-I I cells predominate, though an

occasional small type-I cell remains close to the capillary itself. In addition,

occasional dense clumps of 3-20 type-II cells are found isolated in the inter-

spaces of the dorsal subcutaneous connective tissue remote from any demon-

strable vessel. These cells frequently show a cross-scored appearance from
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Fig. 12

Closed vascular loop in subcutaneous connective tissue from rat previously injected

to show small vessels. The mast cells lie predominantly around the peripheral

vessels with muscle coats and a well-marked adventitia ( 50). (Riley (1953), J. Path.

Bact. 65, 461.)
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the imprint of connective tissue fibrils—clear lines across the cytoplasm which

were regarded as 'granule canals' (Lehner, 1924) until their true nature was

established by Webb (1931-32). These isolated clumps are characteristic of

the dorsal connective tissue and are not seen elsewhere.

In the flanks near the mammary glands, portions of which were sometimes

included in the spreads, the Y-shaped vessels with double muscle coats undergo

repeated bifurcation to become capillaries. Here the difference in distribution

of the two types of mast cells is very striking (Fig. 11). In the adventitia of

the muscular vessels pure type-I mast cells are often arranged in unbroken
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Fringe of arborising vascular pattern in subcutaneous connective tissue. The associated mast cells

are mainly type II and as they migrate away from the vessels they become smaller from loss of

granule substance ( 55). (Riley (1953), J. Path. Bad. 65, 461.)

chains; these gradually change into type-II cells and clumps as the capillaries

appear.

Mesentery

Vessels. The mesenteric vessels in the rat, as in man, form vascular arcades

framing clear peritoneal windows. In the rat these arcades usually consist of

more than one pair of muscular vessels enclosed in a common sheath of fat.

At intervals, lateral twigs from the muscular vessels pierce the fat and ramify

as a delicate lacework of capillaries over the peritoneal window.
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Mast cells. Type-I cells accompany the main vessels of the arcades and

their lateral twigs, changing rather abruptly into type-II cells as the vessels

break up into capillaries. These type-II cells are scattered, singly or in pairs,

over the clear peritoneal window at various distances from the nearest capillary

and many of them show the imprint of connective-tissue fibrils.

Omentum

Vessels. As in the mesentery, the main vessels with muscle coats are

surrounded by a crenellated fatty sheath. However, in stained spreads the

f£S£
Fig. 14

This shows the bifurcation of a small blood vessel in a peritoneal fringe from one of the uterine

horns. The upper branch has along its outer wall a dense layer of mast cells seen as a solid

black line; the layer of mast cells in the adventitia of the upper aspect of the lower branch
seems to have become slightly dislocated from the vessel wall. Between the two branches the

mast cells are fanning out into the loose connective tissues, maturing, and then undergoing
degranulation (75). (Riley (1953), /. Path. Bad. 65, 461.)

omental sheath can be clearly differentiated from that of mesentery by the

presence of darkly staining areas along its free margins and, to a less extent,

in the intervening peritoneum. These areas are the milk spots or 'taches

laiteuses' described by Webb (1931-32) in his study of peritoneal mast cells

in the rat (Fig. 15). A muscular branch from the main arteriole pierces the

fatty sheath to reach a milk spot and there breaks up into a leash of smaller

vessels. Having supplied the milk spot, the vessels are gathered together into
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one or more venules which return parallel to the afferent arteriole or first link

up with other milk spots before joining the main vein.

Mast cells. Type-I mast cells lie close to the muscular walls of the main

arterioles and venules and their branches. In the milk spots a new arrangement

of mast cells is seen. The milk spot itself consists of a knot of small mesenchymal

cells and a few fat globules. Many of the small cells have a narrow rim of

V

1

Fig. 15

A milk spot from the omentum. There is a leash of tiny vessels running through the mass of

relatively undifferentiated mesenchymal cells which constitutes the " tache laiteuse ". Emerging
from this zone are numerous rounded mast cells ( 50). (Riley (1953), J. Path. Bact. 65, 146.)

cytoplasm which stains orthochromatically, and as the cells enlarge this staining

is most pronounced at the poles of the cells. In other cells small granules are

present around the nuclear space, and with further development and packing

of the granular material the cells gradually assume the appearance of type-I

mast cells, except that they are more rounded than the type-I cells seen elsewhere.

These type-I cells appear to change progressively into large type-II cells, some

of which lie free in the adjacent peritoneum.

Uterine fringes

In female rats the leaf-like fringes attached to the horns of the uterus

furnish excellent preparations for mast cells, as here much of the fat is deposited
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around the edge of the specimen, leaving the branching main vessels almost

clear of fat except for their immediate sheath of fibro-fatty tissue. Chains of

characteristic type-I cells occur in the adventitia of the main vessels with muscle

coats. Type-II cells are scattered around the capillaries or lie free in the loose

connective tissue near by. Where the perivascular tissues are lax the transition

from type-I to type-II cells can be clearly seen (Fig. 14). In some of these
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Fig. 16

Section showing (L to R) spleen, pancreas and loose subperitoneal connective tissue in the

rat. The mast cells are related to the loose connective tissue. Toluidine blue ( 116).

fringes typical milk spots and smaller nodules of similar tissue are found

tucked away among the fat cells, and, where such tissue is present, mast cells

in all stages of development can be observed.

Degenerate cells

In spreads from all areas there are occasional type-II cells which appear

to be degenerating. The commonest sign of ageing is a generalized fading of

the metachromatic granules in the large type-II cells. In other cells this change

is accentuated by the presence of a few granules which stain exceptionally

deeply, giving the cells a characteristic punctate appearance. Other cells are

shrunken, the remaining granules lying near the periphery of the cell, in the
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Fig. 17

Section, rat tongue. Note that here the mast cells lie deeply between the muscle
bundles. There is little loose connective tissue under the epithelium of the tongue
(which cannot be lifted off the muscle) and there are very few mast cells in the region.

Toluidine blue ( 170).
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centre of which a small pyknotic nucleus can occasionally be seen. These

degenerate cells are usually situated at some distance from the nearest vessel

(Figs. 13, 14).

Discussion

Examination of stained tissue spreads of subcutaneous connective tissue,

mesentery, omentum and the uterine fringes from female rats leaves no doubt
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Whole mount preparation, outer skin and subcutis, of rat ear. Numerous mast cells around
hair follicles and in loose connective tissue, as in mouse ear (fig. 56). Toluidine blue ( : 128).

as to the close association of the mast cells with the blood vessels in this species.

On the other hand, it does call in question certain views which are widely held

regarding the exact relationship of the mast cells to the vessels, and hence casts

doubt upon the deductions that have been made from such observations.

In his book on Heparin, Jorpes (1946, p. 64) quotes Quensel (1933) that

mast cells are situated predominantly around 'thin-walled blood vessels which

lack muscle coats', thereby strengthening his belief that the function of the

mast cell is to produce an anticoagulant which is poured into the blood. His

accompanying illustrations do not entirely support this view. In his Figures

\a-\b (facing p. 60) the transition from Type I to Type II mast cells is clearly

seen—small spindle-shaped orthochromatic cells in the vessel wall developing

57



THE MAST CELLS

into larger metachromatic cells in the nearby connective tissue. His Figure 8

(p. 65) shows a tissue spread from a rat in which the majority of the cells are

disposed, as I have described them, outside the muscle coat of a small arteriole.

Both Waldeyer (1875, Fig. 1) and Ehrlich (1877, Fig. 8) depict a similar

arrangement of mast cells in the adventitia of blood vessels: yet Ehrlich

believed the mast cells to be concerned with the nutrition of the connective

tissue. Thus very similar illustrations have been submitted in the past in

support of two entirely different functions of the tissue mast cells.

So far as the present investigation is concerned, the evidence both from cattle

and rats indicates that although mast cells are very common around small

blood vessels, their number is determined more by the extent to which such

vessels are equipped with an adventitial coat of mesenchymal cells than with

a functional relationship between the mast cells and the contents of the vessels.

One layer or more of muscle usually separates the mast cells from the lumen,

and, as the cells mature, they tend to move even farther away from the vessels

into the tissues. This is well seen in the rat. The available evidence thus

suggests that the presence of mast cells in the adventitia of small blood vessels

is, in fact, no different from their presence around the great veins and arteries,

and that this is merely an extension of conditions which obtain in the subserous

connective tissue of the nearby pericardium. Pericardium, in turn, resembles

pleura, or liver capsule, or peritoneum, all of which are rich in mast cells.

This is best seen in cattle. Similar loose connective tissue contributes to the

formation of the capsules and trabeculae of organs anatomically remote from

the serous membranes: it occurs in the submucosa of the gut and fills the chinks

between the bundles of voluntary muscles. Such tissue underlies the synovia

of joints and can be found also in the joint capsule. It underlies surface

epithelium, especially where that epithelium can be moved freely over the

corium; it is, in fact, the cause of that mobility. In short, the common de-

nominator which determines the presence of mast cells in an organ is the extent

to which that organ contains loose, well-vascularized connective tissue. Hence

it seems very probable that the mast cell is itself related functionally to the

connective tissues, and more especially to connective tissue at one particular

stage of its development, the stage of fibrillogenesis (Staemmler, 1921).
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Chapter VIII

THE EFFECTS OF HISTAMINE-LIBERATORS ON THE
MAST CELLS OF THE RAT

(See Riley, 1953/?)

IN
the introductory statement of the reasons for choosing the functions of

the tissue mast cells as a subject for research, it was argued that circum-

stantial evidence is already available which points to the mast cell being

at least one of the sources of tissue histamine. The main reservoir of both

heparin and histamine in the dog is thought to be the liver, the 'shock organ'

of this species (Rocha e Silva, 1952), and the heparin moiety is generally

attributed to the mast cells which are abundant in the liver of the dog (Wilander,

1938). The apparent absence of heparin in states of shock in other animal

species at first sight suggests that in the dog the association of heparin and

histamine is fortuitous, but the application of histamine-liberators to the rat

now to be described indicates that in this species too there may well be a closer

relationship than has as yet been realized and that histamine as well as heparin

may come from a common source, the tissue mast cells.

Materials and methods

Experimental animals. Adult male and female rats of the Wistar strain,

wt. 175-225 g., were used.

Solutions for injection. The histamine-liberators and the concentrations

in which they were given by intravenous injection are shown in the accom-

panying table.

Table I

Chemical histamine-liberators : sources and dosage
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All compounds were made up fresh in pyrogen-free distilled water, and a

standard volume (1 ml.) of solution was employed for each injection.

Doses of the more toxic compounds (diamidines and curare) were chosen

experimentally to produce (a) death of a 200 g. rat in 5-10 seconds or (b) a

survival time of about 3 minutes, depending on the speed with which the

intravenous injection was given. Thus the histamine-liberators themselves

were used to halt the train of events in the tissues and permit the material to

be examined at various stages of the shock which had been induced. This

method had the further advantage with the fluorescent diamidines (stilbamidine

and 2-hydroxy stilbamidine) of ensuring that sufficient diamidine was present

in the tissues for its detection in fresh tissue spreads examined in ultra-violet

light. With the less toxic compounds (diamines and peptone) the experimental

animals were killed by a blow on the head at appropriate intervals after

injection.

Preparation and staining of tissues. Immediately after the experimental

animal had been killed, spreads of subcutaneous connective tissue, mesentery,

omentum and other peritoneal fringes were prepared as previously described.

If fluorescent histamine-liberators had been used the fresh spreads were first

examined microscopically in ultra-violet light from a Hanovia diagnostic

lamp with a Wood's glass filter directed obliquely downwards on to the surface

of the spread. Thereafter these and all other spreads were fixed in 80 per cent

alcohol for at least twenty-four hours before being stained with 1 per cent

aqueous toluidine blue or methylene blue for mast cells.

Results

Fluorescent histamine-liberators

Group a. Rapid injection. Fresh peritoneal spreads from animals killed

by rapid (5 sec.) injection of lethal doses of stilbamidine or 2-hydroxy stil-

bamidine were examined microscopically under direct ultra-violet light (Fig. 19).

Against a dark background, or at most a faint autofluorescence from the fat

globules, one sees numerous bright, sharply defined fluorescent spots situated

predominantly near small blood vessels. With stilbamidine the spots are

a steely blue-grey; with 2-hydroxy stilbamidine, a more golden colour. Occa-

sionally the whole vessel seems to fluoresce, presumably from its content of

diamidine, or the vessel wall alone is visible in a pale violet tint. The remaining

vessels appear as dark lines. If 1 per cent toluidine blue in saline is now run on

to the preparation the fluorescence immediately disappears. The section is not

moved, but visual light is now transmitted through the specimen, and it is seen

that where the fluorescent spots were situated there are recognizable tissue

mast cells (Fig. 20). The correspondence in size and position is very exact
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Fig. 19

Fresh peritoneal spread from a rat killed by the rapid injection of stilbamidine. The bright

spots fluorescing in ultra-violet light are seen, in fig. 20, to be mast cells in which the

fluorescent stilbamidine has concentrated. This substance is also present in the lumen of

the upper vessel ( 70). (Riley (1953), J. Path. Baa. 65, 471.)

* *

Fig. 20

The same spread as fig. 19, now counterstained with methylene blue and photographed
in visible light minus the red filter. The dark mast cells correspond exactly with the

fluorescent spots of the previous figure (x70). (Riley (1953), J. Path. Bad. 65, 471.)
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as far as the fluorescent bodies are concerned, but the toluidine blue reveals

many mast cells which had not previously shown fluorescence. In general,

the mast cells which took up the diamidine in the short-term experiment are

the large, pericapillary metachromatic mast cells, recognized as adult or ripe

mast cells ('type-II cells'). These fluorescent type-II cells are well seen in the

peritoneal interspaces of the mesentery and in the fatty fringes attached to the

Fatty uterine fringe from rat killed by the slow intravenous injection of 2 -hydroxy stilbamidine,

stained with toluidine blue. The young type-I mast cells in the adventitia of the main vessel

appear normal, but vacuoles are already forming in the more mature type-II cells near the

capillaries. Had the animal survived longer these type-I I cells would have undergone complete
disruption (X455). (Riley (1953), J. Path. Bad. 65, 471.)

uterine horns. So far as can be ascertained the fluorescence is confined to the

granular cytoplasm of the mast cells, the nucleus being sometimes represented

by a central non-fluorescent space. In the omentum the fluorescent mast cells

appear principally in the milk spots ('taches laiteuses'), and here practically

every mast cell in one milk spot may show fluorescence, whereas an adjacent

milk spot may be devoid of fluorescence. It is noteworthy that under the

conditions of the present experiments fluorescence is not observed in the

numerous mast cells in the subcutaneous connective tissue, although as judged

by ordinary staining methods all types of mast cells are present there.
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Group b. Slow injection. Following slow (30-60 sec.) injection of these

diamidines an entirely different picture is seen. Instead of the sharply defined

fluorescence of mast cells in the peritoneal tissues there are pools of pale grey

to gold fluorescent material around some of the vessels, with perhaps some
increase of fluorescence in the nearby fat. Counterstaining with toluidine

blue, as above, reveals that there is widespread disintegration of the mast cells,

and routine fixation and staining of spreads from these animals confirm the

disintegrating effect on the mast cells of the diamidines. Individual granules

are swollen and stain poorly, and are often scattered. In addition some cells

show vacuolation. This is best seen after 2-hydroxy stilbamidine. Here
many of the type-II mast cells in the peritoneal spreads show the presence of

intracytoplasmic vacuoles, whereas nearby type-I cells may remain unchanged
(Fig. 21). As the injection time, and hence the survival time, of the experi-

mental animal is increased, it can be seen that this vacuolation progresses until

many of the cells entirely disappear or leave behind only a few granules sur-

rounded by a wisp of frothy cytoplasm. In areas where these changes in mast

cells are prominent the small blood vessels are dilated and the connective tissue

appears oedematous.

In animals which have survived for more than a few minutes, extensive

areas of vasodilatation and oedema are present, and in such regions the mast-

cell granules gradually lose their ability to take on the basic stain ("degranula-

tion"). Some of the degranulated cells are swollen; others show in addition

a characteristic punctate appearance in which a few granules appear to have

escaped lysis and stand out in sharp contrast to the pale cytoplasm. Where
the oedema is maximal no trace of the former mast-cell population of the tissue

may remain.

Non-fluorescent histamine-liberators

The changes produced in the mast cells by the non-fluorescent histamine-

liberators (table) as seen in stained spreads are very similar to those described

above.

Propamidine and Pentamidine give rise to occasional vacuolation and
widespread degranulation in peritoneal mast cells as does the 10-carbon

aliphatic diamine, and there is also some degranulation in the mast cells of the

subcutis. The 7-carbon diamine, which is less active as a histamine-liberator

than the 10-carbon compound (Macintosh and Paton, 1949), is also less potent

in its effect on mast cells.

The injection of Witte's peptone produces similar degranulating and
disintegrating effects on the mast cells of the rat, despite the fact that in this

species peptone does not give rise to the dramatic shock seen in the dog.
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One of the most active disintegrators of the rat's mast cells was found in

d-tubocurarine in lethal dosage, which, as Schild and Gregory (1947) have

shown, can also liberate histamine. Following slow injection of 5 mg.

d-tubocurarine chloride (Duncan), not only is it difficult to find a mast cell

in the peritoneal spreads but there is also extensive oedema and associated

degranulation of mast cells in the subcutaneous tissue.

Histamine

In an attempt to distinguish between the effects on mast cells of histamine-

liberators and the histamine which is liberated, rats were injected intravenously

with 1 ml. doses of histamine dihydrochloride (British Drug Houses) in

concentrations ranging from 1 in 100,000 to 1 in 5. Only with the highest

concentrations were gross changes observed in the mast cells, and these only

in the areas of vasodilatation and tissue oedema produced by the histamine,

especially in the peritoneum. None of the mast cells showed gross vacuolation.

Non-specific oedema

Some years ago it was found that the application of a light venous tourniquet

to the hind limbs of mice was followed within twenty-four hours by an almost

complete disappearance of mast cells from the oedematous skin (Drennan and

Riley, unpublished observation). Since then Drennan (1951) has studied

human skin in a state of oedema and found there also a similar disappearance

of mast cells. The use of histamine, mentioned above, may thus have brought

about its effect on the mast cells by the production of a local oedema rather

than directly. It was decided therefore to produce a local oedema by other

methods.

Local oedema was produced in rats by (1) scalding one side of the back,

under anaesthesia, with water at 95° C, or (2) heating the area for thirty

minutes with an infra-red lamp. In these areas of local oedema of the under-

lying subcutaneous tissue there is obvious degranulation of the tissue mast

cells. In the oedematous zone due to scalding many of these cells have a homo-

geneous 'glassy' appearance as if the granule substance had run together,

and in some of them occasional irregular vacuoles are also present. The

degranulating effect is seen only in the area rendered oedematous; there is no

effect, for example, on the peritoneal cells remote from the oedematous area.

It may be concluded then that the local degranulation of mast cells in areas

of oedema is different in quantity and in quality from the widespread vacuola-

tion and disruption of mast cells which follow the injection of a histamine-

liberator. However, if the liberator is injected slowly, there will be time for

both processes to occur and a mixture of effects will be seen.
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Anaphylatoxin

Since the action of histamine-liberators on the dog so closely resembles

anaphylactic shock in that species, it seemed of interest to attempt to relate the

mast cells and anaphylaxis in the rat. Unfortunately, the rat can hardly be

rendered anaphylactic, but the problem was approached by the use of an

anaphylatoxic serum. This was prepared exactly as described by Bordet (1913),

except that in place of guinea pig serum five parts of rat serum were incubated

Fig. 22

Mesentery of rat killed four minutes after the intravenous injection of anaphylatoxin, stained

with methylene blue. A group of mast cells shows abnormal swelling and early degranulation.
One of these contains a large vacuole, and early vacuolation is also present in the nearby
compact cells, which as yet show little swelling (,-, 510). (Riley (1953), /. Path. Bact. 65, 471.)

for two hours at 37° C. with one part of semi-solid agar. This was then centri-

fuged and 1-5 ml. of the supernatant 'serotoxin' were injected intravenously

into each of three rats. The outward signs of shock produced by these injec-

tions were a mere temporary acceleration of heart rate and respiration. The

animals were therefore killed 3-5 minutes later. Despite the minimal clinical

evidence of shock, the appearances in the peritoneal spreads closely resembled

those seen after the use of histamine-liberators. Thus nearly all type-II cells

in the mesentery were swollen and in process of vacuolation or degranulation,
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the type-I cells being relatively unaffected (Fig. 22). Many similar areas

could be found in the uterine fringes and omentum, along with the usual

vasodilatation and oedema in the surrounding connective tissue. The mast

cells in the subcutaneous connective tissue appeared normal.

The changes in the mast cells after injection of anaphylatoxic serum thus

so closely resembled those seen after injection of the chemical histamine-

liberators that attempts were made to prepare an anaphylatoxin by incubating

rat serum with minimal amounts of the liberators in vitro. One ml. of saline

containing 0-5 mg. of stilbamidine or d-tubocurarine chloride was incubated

for two hours at 37° C. with 5 ml. of rat serum; 1-5 ml. of each of the final

products were thereafter slowly injected intravenously into each of three rats.

No shock was produced and there was no alteration in the appearance of the

mast cells in tissue spreads. However, since the possibility still remained that

the liberators might require leucocytes or platelets not present in serum for

their effects on mast cells, another set of sera was prepared by incubating

whole blood with the liberators before removing the serum. Again the results

were negative.

Thus, although the final effects on mast cells of histamine-liberators and

agar-activated serotoxin are similar, it appears that their modes of action are

different and that the chemical histamine-liberators do not bring about dis-

ruption of mast cells through the agency of a blood anaphylatoxin.

Antihistamines

According to Dale (1950) antihistamines may act either by blocking tissue

receptors to circulating histamine or by interfering with the release of histamine

from its depots in the tissues. It was therefore of interest to see if antihistamines

would alter the mast-cell response to the histamine-liberators and to the

anaphylatoxic serum.

It was first found that the maximal tolerated dose of 'Anthisan' (mepyra-

mine maleate, May and Baker) for a 200 g. rat was 0-2 ml. of a 2-5 per cent

solution given slowly intravenously. Fifteen minutes after giving this dose to

four rats, two of them each received a slow lethal injection of stilbamidine and

two were given a slow injection of curare as previously described. Stilbamidine

and curare are both toxic substances irrespective of their action as histamine-

liberators, and premedication with 'Anthisan' in no way reduced the lethal

effect of either compound; but it did appear to protect the mast cells almost

completely against the disruption which normally followed their injection.

However, premedication with 'Anthisan' did not prevent the uptake of stil-

bamidine by the mast cells, which showed the usual vivid fluorescence in

ultra-violet light. Only the subsequent disruption of the cells was suppressed

(Fig. 23).
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In a similar way 'Anthisan' countered the disruptive effect on mast cells of

the agar-serotoxin. Thus the disintegration of mast cells by both chemical

histamine-liberators and anaphylatoxin is prevented by pretreatment with an

antihistamine drug.

Tissue spread of uterine fringe from rat treated with an anti-histamine drug before being

subjected to the disruptive action of a chemical histamine-liberator. The mast cells have
been protected. Toluidine blue ( X 108).

Direct application of histamine-liberators to tissue spreads

In a further attempt to gain information on the mode of action on mast

cells of the chemical histamine-liberators and the agar-activated serotoxin,

samples of the various solutions which had been prepared for injection were

applied directly to fresh spreads of rat mesentery, using the peritoneal inter-

spaces as cups for holding the solutions under test.

Preliminary experiments soon showed that any aqueous solution, including

even normal saline, quickly causes diffusion of the metachromatic material

from the granules of mast cells, which later swell and burst, freeing such

granules as remain. Despite this limitation of the method, it was observed

that the diamidines exhibit the same avidity for mast cells in fresh spreads of

mesentery as they do when they reach the cells through the blood stream. If
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the granules had previously been supravitally stained with toluidine blue, the

diamidine rapidly discharged the metachromatic dye from the granules, leaving

the nuclei of nearby fibrocytes and mesothelial cells still stained. Thereafter

the mast cells slowly broke up into a mass of debris, but in general this dis-

ruption was neither so rapid nor so clearly accompanied by vacuolation as it

had been in tissue spreads prepared from rats which had received the same

liberators through the blood stream.

With anaphylatoxic serum well-marked vacuoles appeared in the peripheral

cytoplasm of the mast cells accompanied by disappearance of granules, whereas

with normal rat serum the granules persisted for at least half an hour.

Although it is clear that direct action does occur in vitro, the mast-cell response

was less pronounced than when the histamine-liberators or the anaphylatoxic

serum reached the mast cells through an intact circulation.

Discussion

The reasons for the present investigation have already been outlined.

Briefly it may be recalled that in shock states in the dog histamine and heparin

are released simultaneously from the liver, the heparin being thought to come

from tissue mast cells. It was of interest, therefore, to investigate the relation

of mast cells to histamine in an animal such as the rat, where the mast cells

can be readily observed in tissue spreads.

Chemical histamine-liberators

All the histamine-liberators tested were found to produce, on intravenous

injection in the rat, obvious damage to tissue mast cells and particularly to

those peritoneal mast cells, filled with discrete, metachromatic granules, which

lie near capillaries or free in the tissue spaces (type-II cells). However, inter-

pretation of this apparently straightforward effect is complicated by the finding

that any tissue oedema, including that produced by the injection of histamine

itself, leads to disruption of the mast cells in the area. We have, therefore, to

distinguish between a primary action of the liberators directly on mast cells

and the indirect or secondary degranulation of mast cells mediated through

the oedema that follows histamine release.

Direct action on mast cells

Direct action of the histamine-liberators on the mast cells is certainly

suggested by the following observations. First, the rapidly acting and potent

histamine-liberators, stilbamidine and 2-hydroxy stilbamidine, can be seen,

in virtue of their fluorescence in ultra-violet light, to be concentrated within
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the peritoneal mast cells prior to their disruption. Second, the fluorescent

histamine-liberators, when applied to fresh spreads of peritoneum from

intravitally stained animals, rapidly discharge the dye from the granules, after

which the mast cells disintegrate. Third, all the histamine-liberators so far

tested, whether fluorescent or not, lead to the appearance of curious intra-

cytoplasmic vacuoles, and with 2-hydroxy stilbamidine vacuolation may be

extreme. In contrast to this, swelling and degranulation of mast cells are

unaccompanied by vacuolation when brought about by (a) local oedema,

histamine-induced or otherwise, or (b) the addition of aqueous solutions to

mast cells in fresh tissue spreads. It is evident, therefore, that the histamine-

liberators have a definite effect on both cytoplasm and granules of the mast

cell.

The concentration of the chemical liberators within the mast cells may well

depend on the fact that the basic diamidines precipitate heparin from solution

(Macintosh and Paton), and one may recall here that the dye, toluidine blue,

can be similarly used for the quantitative titration of heparin. But with the

chemical histamine-liberators the process does not stop there; disintegration

of the mast cell follows. Thus the diamidines act on mast cells in a different

way from a basic dye such as toluidine blue, which, if anything, preserves

rather than destroys the granules which have taken up the dye. If, therefore,

as Macintosh and Paton suggest, chemical histamine-liberators act by displacing

histamine from its natural depots in the tissues, the present evidence suggests

that these depots are the tissue mast cells.

Effect of anaphylatoxin on mast cells

Agar-activated anaphylatoxin, prepared as described above, is a known
histamine-liberator (Rocha e Silva) and in the present experiments its visible

action on mast cells proved similar to that of the chemical liberators, even to

the appearance of vacuolation in the cells during their disruption. Ana-

phylatoxin has also the same power of acting topically when applied directly

to mast cells in fresh tissue spreads. Thus we have two apparently different

types of substance capable of releasing histamine, both of which produce very

similar changes in mast cells. It therefore seems probable that these changes

in the mast cells are significantly related to the liberation of histamine.

We now know that these changes do, in fact, occur in true anaphylaxis

(Stuart, 1952). The earlier observations of Jaques and Waters (1941) on the

degranulation and disruption of mast cells in the liver of the shocked dog have

been confirmed for mast cells in the tissues of the hamster (Wegelius et al,

19556), guinea pig (Mota and Vugman, 1956), mouse (Carter et al, 1957) and

rat (Keller, 1957). This further strengthens the view that the findings in

the experiments described above are relevant not only to the study of the
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anaphylactic process generally, but that the mast cell is the common target

whenever a massive liberation of tissue histamine occurs.*

Effect of antihistamines

Antihistamines are thought to act either by blocking tissue receptors

against circulating histamine or by preventing the release of histamine (Dale).

Unfortunately, the actual mechanism is not yet known. Nevertheless, it is of

interest that premedication of rats with an antihistamine effectively protects

the mast cells against the disruptive action of histamine-liberators or ana-

phylatoxin. In this at least the results support the view, stated in the previous

paragraph, that the changes in the mast cells brought about by histamine-

liberators are significantly related to the phenomenon of histamine release.

* It should perhaps be noted here, as Sir Henry Dale (1954) points out, that the anaphylactic

process in the rabbit follows a somewhat different pattern: the reaction occurs in the blood rather

than in the tissues. The rabbit is also exceptional in that the bulk of its histamine is located in the

blood platelets (Schayer and Kobayashi, 1956; Waalkes et a/, 1957).
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Chapter IX

HISTAMINE IN TISSUE MAST CELLS: NORMAL TISSUES

RESULTS OBTAINED BY COMBINING HISTOLOGICAL AND
PHARMACOLOGICAL TECHNIQUES

THE evidence cited in the previous section indicates that the tissue mast

cells of the rat undergo profound morphological changes following

contact with chemical histamine-liberators. It is now necessary to

ascertain whether the mast cells are in fact the source of the histamine which is

released during this reaction: in other words, are the initial values for histamine

in normal tissues proportionate to their mast-cell contents, and do these values

vary with the morphological changes in the mast cells which follow the

administration of the chemical histamine-liberators?

It will be recalled that Jorpes used the first of the above criteria in seeking

the location of heparin in the tissues. We therefore first confirmed the mast-

cell contents of the tissues used by him, for which the corresponding heparin

values are also available (Jorpes, 1946), and estimated their histamine contents

(Riley and West, 1953).

Materials and methods

All material was obtained fresh, either at the slaughter-house or in the

laboratory. Tissue blocks for mast cells were fixed, as before, in formol

corrosive and stained with toluidine blue.

Representative samples of fresh tissue for histamine assay were weighed and

placed as soon as possible in a known volume of 10 per cent trichloracetic acid,

usually 1 ml. acid per 1 g. tissue, or twice that volume of acid if the tissue was

not adequately covered. Thereafter the tissue was chopped with scissors, or

if tough, ground with a little sand in a mortar, to ensure complete extraction

of the histamine into the acid. After a minimum period of one hour the

extract was centrifuged and the clear supernatant then shaken vigorously four

times with a fourfold volume of ether (or shaken further if the p\\ was still

below 6-0) in order to remove the acid.

The assay itself was made against a standard solution of histamine acid

phosphate (10~ 3
) either on the conventional guinea pig ileum preparation or

on the blood pressure of the atropinized cat. All values are expressed as [xg

histamine base per gram wet weight of tissue.
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Results

It will be seen from Table II that there is indeed a striking correspondence

between the histamine values on the one hand and the mast-cell, or heparin,

contents as indicated by Jorpes' data, on the other. This at once provides

powerful support for the hypothesis that tissue mast cells are exceptionally

rich in histamine. Much of the remainder of this book is concerned with the

description of the further experimental procedures which were devised to test

and consolidate this basic premise.

Table II

Histamine content {\xg.jg.) of tissues compared with heparin

content (mg. standard heparinjkg.) and the relative mast-cell

content

Tissue



histamine: normal tissues

sheet of tissue up to 2 feet square which is extremely rich in both mast cells

(Fig. 6) and in histamine. As Table III indicates, the histamine value rises

with each successive step in isolating the tissue which contains the mast cells.

Table III

Partition of histamine between parenchyma and capsule of ox liver.

The mast cells are also predominantly in the capsule (cf Figs. 5 and 6)

Ox liver
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the thin liver capsule from a two-months'-old calf, in which the mast cells are

fewer and smaller (Fig. 7) and the histamine content per gram is less than in

the adult, gave a histamine value of 18 m±g. histamine base per cell.

Mast cells and histamine in other species (See Riley and West, 1953)

Once satisfactory evidence had been obtained for the localization of tissue

histamine in the mast cells of cattle it seemed desirable to see how far this

concept could be applied to the cellular location of histamine in the mast cells

of other species.

Apart from the figures given by Jorpes (1946; and Table II) there is little

information in the literature about the heparin content of various tissues. A
comparison was therefore made between the histamine and mast-cell contents

of some of the tissues analysed by Holmgren and Wilander (1937) for ester

sulphates, these values being assumed by them to represent heparin if other

sulphate-containing mucopolysaccharides are absent, particularly the chon-

droitin sulphate of cartilage. The histamine values and mast-cell contents of

the liver of various species, estimated separately as capsule and parenchyma,

are given below (Table IV). It should be noted that the values for 'capsule'

of ox and cow liver in this table are the values originally obtained before the

method of obtaining clean samples had been devised. As mentioned above

(Table III), an enormous concentration of mast cells and histamine can be

achieved once the difficulties in removing and cleaning the capsule have been

overcome. In passing, it may be noted that Holmgren and Wilander also

obtained their highest values for ester sulphates (presumptive heparin content)

in ox liver capsule, a tissue which they described as a 'pure culture of mast

cells'.

Table IV

Histamine content ([J-g.lg. tissue) and the relative mast-cell

content of the liver of different species
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there is relatively much more histamine in the capsule of the liver than in the

rest of the organ, a paradox hardly to be explained except on the differences in

mast-cell content of the two tissues.

This point was again emphasized when lung was examined in the same way.

Here it was necessary to remove the 'capsule', the visceral pleura, by the tedious

process of sharp dissection. The results show that the histamine content of

ox pleura, separated in this way, may actually exceed that of ox liver capsule

(Riley, 1953c). This may be due partly to the very thin nature of the pleura

and to the larger size of its numerous mast cells (Figs. 9 and 10 and Table V).

Table V

Histamine content (\xg.jg. tissue) and the relative mast-cell

content of the lung of different species
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It has been known since the time of Ehrlich that, in course of development,

mast cells make their appearance late in embryonic life or early in infancy.

Comparison was therefore made between the histamine and mast-cell contents

of similar organs from foetal or very young mammals and from fully developed

adults (Table VI). In every case the low values for histamine in the young

organs contrasted with the higher values in adults. Apart from the presence or

absence of mast cells, no other obvious histological difference was noted between

the pairs of tissues which were examined.

It is therefore concluded from this study of the normal tissues of many

species that there does exist a strong positive correlation between the density

of the mast-cell population in a tissue and its histamine content.
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Chapter X

HISTAMINE IN TISSUE MAST CELLS: MAST CELLS, HISTAMINE
AND HEPARIN IN PATHOLOGICAL CONDITIONS

IN
view of the apparently close association between the mast cells and

histamine in normal tissues, it seemed desirable next to examine certain

pathological tissues in which the mast cells are increased in number. Two
such conditions are known: urticaria pigmentosa in man, and mast-cell tumours

in domestic animals. Both conditions are rare.

Urticaria pigmentosa

Urticaria pigmentosa was first described clinically by Nettleship in 1869

(the French still retain the term 'maladie de Nettleship') and later by Thin

(1877). Typically it occurs in infants in whom, after periods of exacerbation

and remission, the condition usually clears up spontaneously. Two types of

urticaria pigmentosa are described: the common one is a generalized rash of

copper-coloured spots which when traumatized undergo 'urtication', that is,

they resemble the stings of the common nettle, 'urtica urens'. In the other

type, which is distinctly rare, the disease shows itself as a solitary lesion, often

of considerable size. The pathological basis of both types of lesion is a smaller

or greater aggregation of tissue mast cells under a thin epidermis, the basal

cells of which are pigmented (Unna, 1896).

Thanks to the kindness of my former co-worker, Dr. J. M. Drennan, four

weighed biopsy specimens in trichloracetic acid were obtained from children

with urticaria pigmentosa: two were from cases of the common, generalized

type and two from larger solitary lesions. The histological findings in these

cases have been described in detail (Drennan, 1951 ; Drennan and Beare, 1954).

More recently a further specimen from a case of 'bullous' urticaria pigmentosa

(i.e. with lesions progressing to blister formation on trauma) has been obtained

from Dr. Girdwood-Ferguson, Glasgow, and another example of the more

typical generalized type, arising in an adult patient, from Dr. J. C. Ford,

Birmingham (Figs. 24-26).

So far as the mast-cell content of these specimens is concerned, it suffices to

note that in the first of the two solitary lesions the mast cells extended so deeply

as to occupy the entire thickness of the biopsy specimen; in the second the mast

cells petered out about half way down the tissue block: in contrast, the mast

cells were disposed in only a thin layer under the epidermis in the biopsy

specimens from the cases with generalized urticaria pigmentosa. By way of

controls, histamine was estimated in a sample of skin immediately adjacent
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Fig. 24

Urticaria pigmentosa. Skin biopsy section from a case of generalized urticaria pigmentosa, stained

Nile blue followed by toluidine blue. Masses of angular mast cells lie in the corium {/ 184).
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Fig. 25

Urticaria pigmentosa, another case. Under higher magnification the dermal papilla is seen

to be filled with well-granulated mast cells. Here the photograph is mounted on its side,

epidermis to the right. Eosin toluidine blue ( 360).
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to an active lesion of the generalized type and in a series of samples of normal

skin obtained from patients undergoing operations to breast or abdomen.
These normal values agree closely with the figures published by Nilzen (1947)-

The results of the present investigation are set out in Table VII.

Table VII

Mast cells and histamine in norma/ human skin and in skin lesions ofurticaria pigmentosa
of varying extent
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Fig. 26

Mast cells in all stages of development are present in this section of solitary urticaria

pigmentosa; cytoplasmic granules are clearly visible. Many cells also show a juxta-nuclear
clear zone, indicative of the cell's immaturity. Toluidine blue ( 800).

Courtesy Dr. J. M. Drennan.

the results led us to suspect that mast-cell tumours are perhaps not quite so rare

as was formerly supposed (Nielsen, 1952; Head, 1953, 1958).

Contact was first made with a number of veterinary surgeons in Scotland

and England. To those who agreed to co-operate, pairs of bottles were sent

containing respectively (a) a measured volume of 10 per cent trichloracetic acid

for a fresh, weighed sample of tissue for histamine assay, and (b) formol-

corrosive fixative for a small piece of tissue for histological confirmation of

the diagnosis. Despite our efforts, nearly two years elapsed before the first

mast-cell tumour was obtained.

Three factors appear to have contributed to this initial failure to obtain

suitable material in addition to the acknowledged rarity of the tumours. The

first is that many of the specimens which are examined at veterinary centres

are submitted by outside practitioners: the tissue is often unfixed and there

may be considerable delay in transit. Secondly, by the time that a routine

pathological examination has been made and a diagnosis established, a further

7-10 days may have elapsed, by which time the gross specimen (even if retained)

is now useless for histamine assay. Thirdly, a histological diagnosis of mast-cell
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Fig. 27

Rapid diagnosis of a mast-cell lesion. An imprint is made on a slide and is stained
at once, as a blood film. This preparation was made by Mr. K. W. Head following
the local excision of a mastocytoma in a dog. Leishman—Giemsa (x 1,500).

{Photograph by Mr. R. C. James.)
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tumour will be missed if only the standard haematoxylin-eosin routine is

used since the mast granules fail to stain by this method. This must have

happened often in the past. However, as Nielsen (1952) emphasizes, an

immediate diagnosis can be reached by making an imprint of a fresh slice of

tumour on a microscope slide and staining this, as a blood film, either with

the Giemsa stain or merely with a drop of 0-1 per cent toluidine blue. This

Fig. 28

Paraffin section of dog mastocytoma. Rounded densely-staining mast cells set in a coarse
collagenous stroma. Toluidine blue ( 416).

simple method of screening tumours in veterinary practice would no doubt

disclose many mast-cell tumours which would otherwise be overlooked (Fig. 27).

Results. The first dog mastocytoma was sent to us in August 1952 by Mr.

E. Cotchin, M.R.C.V.S., of the Royal Veterinary College and Hospital, London,

the specimen being part of a tumour from the right axilla of a five-year-old

female Boxer dog. The tumour had been excised by an outside practitioner,

and there was some delay before a weighed portion of tissue was placed in one

of our containers of trichloracetic acid pending further laboratory examination.

Histologically the tumour was found to consist of a coarse collagenous frame-

work enclosing islands of cells which stained deeply and metachromatically

with toluidine blue and with the Giemsa method, though individual cytoplasmic
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granules could seldom be distinguished (Fig. 28). Its histamine content was

295 [zg./g.

The second dog mastocytoma arrived barely a month later from Mr. K. W.
Head, M.R.C.V.S., of the Royal (Dick) School of Veterinary Studies, Edinburgh.

This specimen was part of a recurrent tumour from the right hip region of a

nine-year-old male Irish Setter. A diagnosis of 'mast-cell sarcoma' was made

from frozen sections cut and stained within twelve hours of operation. There-

upon a weighed portion of the original specimen was placed in trichloracetic

acid. Histologically the tumour contained many cells with granules which

stained metachromatically with toluidine blue and brilliantly with Gomori's

aldehyde-fuchsin method. Its histamine content was 109 y-g.jg. Encouraged

by these findings we approached Messrs. Boots, Nottingham, for advice

regarding methods for the extraction and assay of heparin in tissues. Following

discussions with Mr. S. W. Stroud of their research department, it was agreed

that the actual assays should be carried out at Nottingham. At the suggestion

of Mr. Stroud we therefore sent bottles of chloroform water to each of the

previous recipients with the request that they include a second weighed sample

of tissue for heparin assay. This was fortunate since the next tumour, obtained

locally in Dundee, proved to be a classic case both from the standpoint of

histamine and of heparin in mast cells.

'Judy', a ten-year-old female Golden Cocker Spaniel, was first seen by

the veterinary surgeon, Dr. J. Spreull, in November 1953, on account of a

swelling on the right flank which had been present for a little over a month.

The tumour was removed under anaesthesia and sent to Edinburgh for

diagnosis. On learning from Mr. K. W. Head that a mast-cell tumour had

been located in Dundee, I approached Dr. Spreull and requested him to let me
know if there should be any sign of recurrence or metastasis.

Early in January 1954 the dog was brought back with a 3 x 2 cm. lobulated

swelling under the skin immediately anterior to the previous excision scar.

This lesion was widely excised under intravenous pentobarbitone sodium

anaesthesia and was found to consist of a soft vascular tumour lying in a grossly

oedematous subcutis. There was no excessive or prolonged bleeding during

the operation and the wound later healed rapidly and without the formation

of a haematoma: in other words there was nothing to suggest clinically the

presence of a powerful anticoagulant in the wound area, although a prolonged

clotting time has been recorded in another series of cases of this type (Bloom

et al, 19586). Fresh weighed samples of tissue were taken for histamine and

heparin assay, and several minute slices were removed aseptically from the

centre of the tumour and placed in Tyrode's fluid for an attempt at culture of

mast cells in vitro by Dr. J. D. B. MacDougall of the Department of Anatomy.

This was successful, and the results have been published (MacDougall and
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Fig. 29

Mast cells in tissue culture. Well-granulated mast cells are creeping out from the primary
explant, a fragment of dog mastocytoma (bottom R.). Phase contrast photograph, Dr. J. B.

MacDougall ( X 372).

*

Fig. 30

Isolated mast cell from a primary explant of dog mastocytoma grown
for six days in tissue culture. Phase contrast photograph, Dr. J. B.

MacDougall (>:640).
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Riley, 1954; MacDougall, 1954; Figs. 29, 30). Histologically the tumour

proved to be a recurrence of the cellular mastocytoma previously diagnosed

in Edinburgh. Its histamine content was no less than 1,290 'J-g./g.—the highest

we have recorded in such a lesion. Heparin was extracted by Mr. Stroud,

using a modification of the original method of Charles and Scott (1933),

and assayed against a standard solution of heparin on whole blood. Clean

ox liver capsule, which has the highest heparin content of all normal tissues,

yields up to 50 i.u. g. The heparin content of the present tumour was

HOi.u./g.

Nor does the story end there. Two months later the dog was again brought

to the veterinary surgeon with further signs of local recurrence and with now
a request that the animal be destroyed. Accordingly 'Judy' was given a lethal

Table VIII

Histamine content ({J-g-jg.) of tissues compared with heparin

content (i.u.jg.) and relative mast-cell content in a 10 y.o.

Golden Cocker Spaniel with a mast-cell tumour and metastases.

(Figures in brackets represent average control values from
4 normal dogs)

Tissue
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Table IX

Histamine and heparin values in ten further cases of mastocytoma in dogs

Case
No.
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to which they contain mast cells. Thus, the enlarged lymph node was virtually

replaced by mast cells; many mast cells were present in the enlarged spleen

and there was some increase in mast cells in the portal tracts of the liver. On
the other hand, very little increase in mast-cell content was found in the lung,

and none in kidney or in skin taken from the flank remote from the primary

growth.

Thanks to the continued co-operation of Mr. K. W. Head, ten further

specimens from dogs with mast-cell tumours have been obtained for study.

All support the conclusions previously reached, that the mast cell in the dog

is as rich in histamine as it is rich in heparin (Table IX, p. 86). It is of interest

to record in passing that portions of two other subcutaneous tumours from

dogs which were sent to us pending histological diagnosis were found to have

very low histamine values (only 2-1 and IT (j.g. g. tissue respectively) and to

contain no detectable heparin : the first proved to be a fibroma, the second a

squamous carcinoma. This further confirms the view that it is the mast cell

which contains both the heparin and the histamine.

Of the ten dogs with mastocytoma recorded in Table IX no less than five

had ultimately to be destroyed either on account of local recurrence or distant

metastases. The findings are recorded in Table X (p. 86).

Examination of Tables VIII-X (pages 85-86) clearly indicates that so far

as the dog is concerned, a raised mast-cell content in a tissue is invariably

accompanied by a parallel increase in both tissue histamine and tissue heparin.

Cats. Mast-cell tumours in cats are decidedly less common than mast-cell

tumours in dogs. In their original description of a mast-cell tumour in a cat,

Sabrazes and co-workers (1908) recorded a case in which a pigmented tumour

was situated on the eyelid and was thought to be a melanoma. However, at

autopsy the spleen was found to be enlarged and studded with masses of mast

cells which appeared to be arising from large mononuclear cells surrounding

the lymphoid follicles. We have been fortunate in obtaining material from three

mast-cell lesions in cats, the first of which almost exactly duplicates the original

case described by the French workers.

A nine-year-old female castrated cat had to be destroyed on account of a

tumour which had been present on its lower eyelid for about three months.

Post-mortem examination was carried out five hours after death. A weighed

portion of the tumour was sent to us in trichloracetic acid and another portion

placed in chloroform water for heparin assay. At autopsy it was also observed

that there was enlargement of some of the retropharyngeal and submaxillary

lymph nodes and of the spleen. Biopsy specimens for histological examination

were taken from these various organs and from the liver, although, unfortunately,

no material other than the primary tumour was reserved for histamine or heparin

assay. Histologically the tumour was found to consist almost entirely of
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well-granulated mast cells which stained brilliantly with the Leishman-Giemsa

and aldehyde-fuchsin methods. The granules also stained positively with the

periodic acid-Schiff method, indicating perhaps that here the heparin is not

fully sulphated (Jorpes, Werner and Aberg, 1948). Mast cells were numerous

in the enlarged nodes and spleen and were present as islets of cells in the liver

parenchyma and as extensions along the portal tracts. The histamine content

of the primary tumour was very high indeed— 1,250 \±g. g. Curiously enough,

the heparin content (measured as anticoagulant) was low—only 8-0 i.u./g.

The second case was that of a five-year-old female cat with numerous small

skin nodules, some of which had undergone ulceration. The condition had

been present for two months and had failed to respond to a course of strepto-

mycin. Accordingly, three nodules were removed, one for histological

examination and the others for pharmacological assay, though two days

elapsed before they were placed in the appropriate fluids. The skin nodule

proved to be a non-encapsulated aggregation of mast cells in the upper dermis:

its histamine content (after two days) being 32 [xg./g. Again the heparin value

was low, only 6-5 i.u./g. Later the animal was destroyed and the carcass sent

for post-mortem examination, though there was again an inevitable delay of

two days in transit, the specimen having been sent from a veterinary practitioner

in Lancashire. At autopsy it was found that many of the lymph nodes draining

the skin were enlarged and that there was gross enlargement of the spleen. The

abdominal lymph nodes and bone marrow appeared normal. Microscopically

it was found that here, as in the first case, the nodes draining the involved skin

were infiltrated with well-granulated, metachromatic mast cells and that in

the skin itself the nodules were very numerous indeed. The spleen was very

heavily infiltrated and there was widespread periportal infiltration of mast cells

in the liver. In contrast, the lung contained only a few additional mast cells:

kidney and bone marrow were normal. The histamine and heparin values of

various tissues in this case and the extent to which they diverge from normal

values are set out in Table XI.

Table XI

Histamine and heparin values in tissues obtained two days post-

mortem from a cat with multiple mast-cell nodules in the skin.

(Figures in brackets indicate relationship to normal values)
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The third example of a mast-cell tumour in a cat occurred in a three-year-old

castrated male which developed numerous skin nodules over a period of about

two months. At post-mortem examination it was also discovered that some

of the lymph nodes draining the skin were enlarged and that there was consider-

able enlargement of the spleen, as in the two previous cases. Material for

histamine assay was placed in trichloracetic acid within two hours of death.

No tissue was obtained for heparin estimation. The histamine values are shown

in Table XII. Histological examination of corresponding material confirmed

the very close parallelism between the mast-cell contents of the various tissues

on the one hand and the histamine values on the other. Here, as in the dog, it

will be noted that the spleen was the chief site of secondary involvement in all

three cases of mastocytoma in cats.

Table XII

Histamine values in tissues obtained two hours

post-mortem from a three-year-old male cat

with multiple mastocytomas of the skin
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observed from Table XIII that the histamine values of biopsy specimens taken

at intervals during pregnancy also declined, only to rise again after the birth

of the calf. This immediately brings to mind the striking rise in activity of the

enzyme, histaminase, in the blood of women during pregnancy. However,

no comparable fluctuation is believed to take place in the blood histaminase

of cattle (Kolb, 1956). Presumably, therefore, either the association here is

fortuitous or some other factor in pregnancy is responsible. It is hoped that

material may become available during another pregnancy and so clarify the

situation. Histological examination at each stage showed good correspondence

with the results of the pharmacological assays, the majority of the mast cells

becoming less well granulated as pregnancy progressed.

Table XIII

Histamine and heparin values in multiple mast-cell tumours in a cow. Note
the fall in the histamine content during pregnancy. [C= calved]

Date
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Recently, however, two fresh mast-cell tumours in mice have been described.

The first (Dunn and Potter, 1957) has already been shown to be rich in histamine

(Sjoerdsma et al, 1957); the second, of which we were fortunate enough to obtain

an example, has been similarly investigated by Furth and his group (Furth

et al, 1957). In our hands (Cass et al, 1958), lyophilized samples of tumour

yielded no less than 1700 ng./g. histamine and 944 i.u./g. heparin. The mouse

mastocytomas are unique in that they also contain substantial amounts of a

second amine, 5-hydroxytryptamine.

Discussion

The significance of the earlier finding of a striking positive correlation

between the mast-cell and histamine contents of normal tissues is greatly

strengthened by the examination of pathological material abnormally rich in

mast cells. Urticaria pigmentosa in man, mast-cell tumours in dogs, cats,

cattle and mice, all demonstrate conclusively that an excessively high mast-cell

content in a tissue is associated with a correspondingly high histamine value.

In the case of the tumours, histamine assay of an organ proved to be as accurate

a method as histological examination for the detection of distant metastases.

Curiously enough, it is now the heparin which, in certain species, shows

the poorer correlation with the mast-cell content. Whereas in dogs, the heparin

values are in general proportionate to the mast-cell content, the cat tumours

yielded surprisingly low values for heparin, despite the brilliant metachromatism

of the granules in tissue sections. This heightens the suspicion raised in the

Introduction that the estimation of heparin as an anticoagulant, may not truly

reflect the function of heparin in the organism. It would be of interest to

confirm the low potency of cat heparin on plasma of the same species.

The pattern of spread and metastasis in all the above conditions is of

interest. The majority of the cases with localized tumours showed spread

to the regional lymph nodes : this supports the theory of a focal origin of the

tumour. However, in others there was involvement of distant organs, especially

the spleen. It will be recalled that the spleen is very rarely the site of metastasis

in cases of carcinoma and sarcoma, though it is frequently involved in the leuk-

aemias and reticuloses. Since there was nothing to suggest that these animals

were suffering from a basophilic leukaemia of myeloid origin the possibility

remains that their 'tumours' were local manifestations of a more generalized

'mast-cell reticulosis' (Cazal, 1942). Within the past few years evidence has

accumulated that the underlying pathology of urticaria pigmentosa in man
may perhaps rest on a similar basis (cf. Ellis, 1949; Nickel, 1957; Marshall

et al, 1957; Remy, 1957; Beare, 1958).
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Irrespective of the precise nature of the pathological process, the present

material settles beyond all reasonable doubt the view that tissue mast cells are

extraordinarily rich in histamine and that, in most tissues at least, the bulk of

the extractable histamine can be accounted for on this basis. It is thus of great

interest that Graham and her associates (1952; 1955) find that much of the

histamine in blood, especially in man, is likewise located in the basophils, or

blood mast cells, though this is not necessarily true for all species (Code and

Mitchell, 1957). Tissue mast cells are rich in histamine in all higher organisms

so far examined.
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Chapter XI

THE EFFECTS OF A SPECIFIC HISTAMINE-LIBERATOR,
COMPOUND 48 80, ON THE MAST CELLS OF THE RAT

{See Riley and West, \955a)

THE original demonstration that mast cells store and release histamine,

described in Chapter VIII, involved the use of rather toxic chemicals,

some of which {e.g. stilbamidine, d-tubocurarine) have pharmacological

actions which are unconnected with the release of histamine. It was therefore

difficult to be certain that the disruption of the mast cells reflected only the

release of histamine. The toxicity of these compounds also precluded prolonged

study of their effects.

However, there is now available a more specific and a less toxic histamine-

liberator, compound 48 80 (Paton, 1951 ; Paton and Schachter, 1951 ; Feldberg

and Miles, 1953; Feldberg and Talesnik, 1953). This substance, a condensation

product of p-methoxyphenethylmethlyamine and formaldehyde, was therefore

used in a further study of the tissue changes in three groups of rats subjected to

intraperitoneal injection of compound 48 80, (1) for one day only
—

'acute

dosage', (2) for five days
—

'subacute dosage', and (3) for thirty-one days

—

'chronic dosage'. In addition there was a fourth group in which the drug was

injected intra-arterially to allow study of a localized area of effect. For this

the ear was chosen, since the ear in the rat has a very high content of mast

cells. At selected times in each experiment appropriate tissues were taken for

histamine assay and microscopical study of the mast cells.

The present work shows that a tissue depleted of its histamine by this

histamine-liberator is devoid of mast cells and that the recovery or return of

the mast cells is accompanied by a reappearance of assayable histamine. The

long-term experiments confirm that compound 48/80 is toxic to the rat only by

virtue of its ability to release histamine : it is thus a specific histamine-liberator

for this species.

Materials and methods

Animals. In all, 170 young male rats (wt. 90-110 g.) of the Wistar strain

were used. To obtain representative initial values of the histamine content

of tissues, four control groups of six rats were killed by a blow on the head,

and pooled tissues from each group were assayed. The experimental animals

were killed in groups of seven, as follows: 'Acute dosage' expt., at days
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1, 4, 8, 15 and 32. 'Subacute dosage' expt., at days 3, 5, 11, 15, 18 and 32.

'Chronic dosage' expt., at days 5, 15, 24 and 32.

On each occasion one animal from each group, chosen at random, was

used for histological purposes, pooled tissues from the remainder being assayed

for histamine. In the 'chronic dosage' experiment, four further groups of

rats were injected intraperitoneally with a volume of saline equal to that

used as a solvent for compound 48 80 and killed at the times stated. Again

histamine values and the histological picture in each of these control groups

were determined.

Histamine-liberator. Compound 48 80, kindly supplied by Messrs.

Burroughs Wellcome and Co., was made up fresh in normal saline and injected

intraperitoneally low down on the abdominal wall, the dosage, measured in

micrograms ((J-g.), being as follows:

'Acute dosage' expt. 100 (morning), 200 (afternoon).

'Subacute dosage' expt. Injection twice daily, starting at 100 per dose

and increasing the dose by 100 each day to reach a dose of 500 on the fifth

day.

'Chronic dosage' expt. Dosage as for 'subacute dosage' experiment for

the first five days, thereafter single daily injections of 500 with increments

of 100 every other day to reach 1000 per day, and continuing at this level

of dosage once daily up to the thirty-first day of the experiment.

Intra-arterial Experiment. Injections in this group were given into the

artery of the ear. From previous work in which the vascular system of the rat

was injected with coloured substances (Riley, 1953a) it was known that the

main blood supply of the ear comes from the first branch of the external

carotid artery. Accordingly this vessel was exposed in ten rats under ether

anaesthesia by cutting the oblique muscle covering the carotid on the left side

at its tendinous insertion under the mandible and retracting it posteriorly,

at the same time turning the submaxillary salivary gland forwards to expose

the entire cervical vessels. A hypodermic needle bent to a convenient shape

was then inserted into the common carotid to lie in the origin of the external

carotid. After the external carotid had been occluded beyond the branch to

the ear by light pressure with a probe, a single dose of 200 fzg. of compound

48/80 was injected slowly. Of ten rats so treated, eight subsequently developed

erythema or cyanosis of the injected ear and were killed twenty-four hours later.

The histamine content of pooled left ears from six rats was compared with the

histamine content of pooled right ears (control) and then correlated with the

histological findings in the ears of the remaining two animals.

Histamine assay. For the estimation of histamine content mesentery,

omentum and subcutaneous tissue were chosen because they all contain numer-
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ous mast cells. Sufficient subcutaneous tissue for this purpose can be obtained

by scraping it off from under the surface of the excised skin. The mast cells

of the rat ear are in the dermis, but for assay, since so little dermis is available,

whole ears were employed.

These various tissues were extracted as previously described and were

tested for histamine activity on the isolated guinea pig ileum preparation or

on the blood pressure of the atropinized cat.

Microscopic examination. Fresh tissue spreads of subcutaneous connective

tissue, mesentery and omentum were prepared and fixed as previously described

and stained with 0-1 per cent aqueous toluidine blue. In studying the ear it

was found that once a narrow rim has been cut from its margin, the transparent

epithelium and attached connective tissue can be peeled off the outer surface

of the cartilage and glued to a slide, hairy side down, with a drop of B.P.S.

mountant, which holds it there firmly during fixation in alcohol. On defatting

with xylol, the preparation becomes detached and can be conveniently stained

and differentiated in watch glasses until it is finally mounted under a weighted

cover slip to keep it flat while the B.P.S. hardens.

Results

' Acute dosage ' experiment

Within a few minutes of the intraperitoneal injection of an appropriate

dose of compound 48 80, the rat displays the characteristic signs of histamine

release—shock, erythema followed by cyanosis of the ears, and, in extreme

cases, visible oedema of the muzzle and extremities. The treated animals lie

in isolation, not huddled together as they normally do. There is an obvious

lowering of body temperature during the period of acute shock, but, given

abundant drinking water, the animals soon recover.

Mast cells. In as short a time as three hours after the first intraperitoneal

injection of compound 48/80, a striking change occurs in the peritoneum.

Whereas in the controls injected with saline, the mast-cell picture is normal,

the first impression of the stained spread of mesentery and omentum from the

experimental rats is that the mast cells have completely disappeared. Even

under high power it is difficult to find an intact mast cell in the mesentery:

at most there remain a few irregular masses of darkly staining material near

the smaller blood vessels whose endothelial nuclei now stain with the basic

dye (Fig. 31). The mast cells scattered over the peritoneal windows have

vanished. In the omentum this disappearance of mast cells is somewhat

slower, but by one hour after the second injection the cells have under-

gone almost complete disruption. The milk spots are now crowded with

round or amoeboid cells, each of which contains a few peripheral masses of
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darkly-stained material similar to the remnants around the mesenteric vessels;

these cells are more suggestive of macrophages containing debris released from

other cells than of mast cells in course of disruption.

One feature common to all regions in which mast cells are disappearing is

the progressive swelling and increased basophilia of the connective-tissue cells

in the adventitia of the small blood vessels, a process which seems to extend

outwards from the vessels and ultimately to involve all the loose mesenchyme.

4
i

.

A
Fig. 31

' Acute dosage ' experiment. Mesentery three hours after intraperitoneal injection of com-
pound 48/80, showing shattered mast cells and early swelling and increased basophilia of

the adventitial cells. Very little histamine remained in this tissue. Toluidine blue ( 580).

(Riley and West (1955), /. Path. Bad. 69, 269.)

As might be expected, the disruptive effects on the mast cells in regions

remote from the injection site are less than in the peritoneal cavity itself. In

the subcutaneous connective tissue the changes are often patchy in distribution,

ranging from swelling and 'degranulation' of intact mast cells to the complete

disruption of the cells and the scattering around them of pale orthochromatic

granules. The nuclei of the swollen cells are themselves swollen and rather

more basophil than normal. This general description of conditions in the

subcutaneous connective tissue applies also to the ears except that more of

the mast cells survive the early stages of the disruptive process.

By day four, the main histological feature in the 'acute dosage' experiment is

the apparently complete restoration of the mast-cell picture in the subcutaneous
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connective tissue and ears. In contrast, the extent of recovery in the peritoneal

cavity is limited. Well-stained mast cells are to be found in the adventitia of

the main vessels framing the mesenteric windows, but in the windows themselves

the cells are scanty and contain only a few pale and usually orthochromatic

granules. Here the histological picture is dominated by the general activation
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Fig. 32

" Acute dosage ' experiment. Effect of two intraperitoneal injections of 48/80
on the histamine content of the subcutaneous connective tissue (O O) and
ears(# •) of rats. Histamine content expressed in ;xg./g. tissue in the upper
tracings and in percentage of normal values in the lower tracings. Note the

rapid recovery of tissue histamine. (Riley and West (1955), /. Path. Bact.

69, 269.)

and increased basophilia of the loose mesenchyme, the entire network of small

blood vessels now standing out clearly in virtue of increased staining of the

cells forming their adventitial sheaths. Numerous well-stained pleomorphic

connective-tissue cells are also seen, scattered over the peritoneal windows and

giving a general appearance curiously like that of a tissue culture. At this

stage (day four) recovery is somewhat more advanced in the omentum, where

the milk spots contain many normal and some small and pale mast cells. Many
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incompletely filled mast cells are seen in the delicate connective-tissue framework

of the omentum.

Four days later (day eight) the omentum is virtually back to normal and

there is further recovery in the mesentery, though in some areas the mesenteric

windows are still devoid of mast cells or contain only occasional cells poor in
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Experiment as illustrated in Fig. 32. Histamine content of omentum (• •)
and mesentery (O O) shown in the tracings. (Riley and West (1955),

J. Path. Bact. 69, 269.)

granules. The pleomorphic fibroblasts scattered over the windows are still

present.

By day fifteen recovery in all areas is complete and the histological picture

is normal.

Histamine. The changes in the histamine content of the four regions

studied histologically are perhaps best seen in Figures 32 and 33, which show

both the absolute and the percentage changes in tissue histamine over the period

of the experiment. Briefly, the initial high values for the ears and subcutaneous

connective tissue fall in twenty-four hours to approximately 30 and 20 per cent of

normal, whereas in the case of mesentery and omentum, with lower starting

values, the histamine at the end of twenty-four hours has all but vanished.
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Recovery is slowest in the mesentery, which, by day eight, contains only 45 per

cent of its initial histamine. By day fifteen all the above-mentioned regions

have achieved an 80 per cent recovery or better, and by day thirty-two, the

restoration of tissue histamine is complete.

'Subacute dosage' experiment

In this group, injected intraperitoneally twice daily for five days with a

steadily increasing level of dosage, the animals rapidly acquired tolerance and

by the fifth day showed little evidence of histamine release following injection.

*&
*

tor 3

Fig. 34

' Subacute dosage ' experiment. Subcutaneous connective tissue on third day of intra-

peritoneal injection of the histamine-liberator. One exceptionally large mast cell near

the top remains unaffected. The remaining mast cells, in a slightly different tissue plane,

all show varying stages of swelling and degranulation
—

' ghost ' cells. This is a reversible

process. Toluidine blue ( x 350). (Riley and West (1955), J. Path. Bact. 69, 269.)

* I

Mast cells. Histological examination began on day three, by which time

the mast cells in regions remote from the injection site already show changes

far exceeding anything observed in the 'acute dosage' experiment. There is

an absolute decrease in the number of mast cells in the subcutaneous connective

tissue and in the skin of the ears. Such cells as remain are recognizable only

by the presence of a few clumped granules or of small pale granules situated at

the periphery of greatly swollen cells ('ghost' cells). These 'ghost' cells are

well seen in the interspaces of the subcutaneous connective tissue (Fig. 34), the

99



THE MAST CELLS

small vessels at the periphery of the area standing out distinctly owing to

swelling, proliferation and increased staining of their adventitial cuffs. Ad-

jacent fibroblasts also are often well stained and of bizarre shape.

A curious fact was noted in these animals. Both in the subcutaneous

connective tissue and in the ears, the mast cells appear to escape entirely the

Fig. 35

' Subacute dosage ' experiment. Omentum at day eleven, showing alternative ways in which

the mast-cell population is restored after depletion by a histamine-liberator. The big cells

are refilled ' ghost ' cells. In addition, small new cells are forming from the adventitia

of blood vessels and the septa of fat cells, as well as from scattered precursors in the loose

connective tissue. Toluidine blue ( 450). (Riley and West (1955), /. Path. Baa. 69, 269.)

effects of the histamine-liberator if they lie in the perineurium of the peripheral

nerves. Indeed, these nerves can be readily traced, under the low-power

objective, because of this persistence in the nerve sheath of its normal comple-

ment of small, spindle-shaped mast cells.

By day five no mast cells are visible in the mesentery, such granular cells

as are seen being macrophages containing basophilic debris. The vascular

network is again very obvious, thanks to the adventitial proliferation. In the

omentum, similar adventitial changes are present. The small cells forming

the centres of the milk spots are deeply stained: in and around the milk spots,

macrophages are numerous but there are no mast cells. Similarly, there are

no identifiable mast cells in the ear or in the subcutaneous connective tissue.
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Recovery is remarkably rapid once the injections have ceased, despite the

extent to which the mast cells appear to have been damaged by the repeated

injections. In as short a time as four days (day nine of the experiment), there

is substantial restoration of the mast-cell pattern in the skin of the ear and even

more so in the subcutaneous connective tissue. It is noteworthy that these are

so
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Fig. 36

' Subacute dosage * experiment. Effect of 48/80 (given over five days) on the
histamine content of subcutaneous connective tissue (O O) and ears
(• • of rats. Histamine content expressed in ^g./g. tissue in the upper
tracings and in percentage of normal values in the lower tracings. Note the
slower recovery of tissue histamine, particularly in the ears. (Riley and West

(1955), J. Path. Bact. 69, 269.)

almost all large cells, though poor in granules. Such large 'ghost' mast cells

appear occasionally in the peritoneum, especially near vessels of intermediate

size. In addition, however, both in the mesentery and in the omentum numerous
very small mast cells, each containing a few minute granules, are now appearing

in the adventitia among similar oat-shaped but non-granular cells which lie

with their long axes parallel to the vessel wall.

By day eleven these small new cells are common throughout the peritoneum

and are seen particularly clearly in the delicate connective-tissue framework of

the omentum, where they are not obscured by other structures (Fig. 35). In
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the mesentery a wave of such cells can sometimes be observed spreading over

a peritoneal window from the fatty fringe which surrounds it; and within the

fatty fringe itself small attenuated mast cells lie closely applied to the septa

of fat cells and apparently arising from them. The fat cells in mesentery and

omentum thus come to have a signet-ring appearance (Fig. 35). Gradually
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histamine, whereas the subcutaneous connective tissue is almost back to normal.

By day thirty-two recovery is complete in all four regions studied histologically.

' Chronic dosage ' experiment

It is necessary here to describe only the histological appearances from day

five onwards, since this experiment was in fact an extension of the subacute

Fig. 38

' Chronic dosage 'experiment. Subcutaneous tissue at day thirty-two. Despite continued
intraperitoneal injection of compound 48/80 (1 mg./day), numerous small mast cells

are now appearing around the blood vessels. There was a corresponding return of the

tissue histamine. Toluidine bli-e ( ;<220). (Riley and West (1955), ./. Path. Bad. 69, 269.)

(five-day) experiment, daily doses of histamine-liberator being administered

thereafter for a further twenty-six days. It is of pharmacological interest that

during this period there was no mortality despite the repeated injection of

even 1 mg., thus confirming the low intrinsic toxicity claimed for compound

48/80.

Mast cells. Throughout the period of injection there is little evidence of

recovery of mast cells in either mesentery or omentum. In the mesentery no

perivascular mast cells are to be seen, and the only scattered ones are in relation

to patches of organizing exudate; their granules are small and pale. In con-

trast, macrophages laden with debris are very common, being especially

numerous in the omentum. Characteristic of the omentum, too, in this group
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of rats is a hyperplasia of the adventitial tissue and milk spots, without, however,

any reappearance of typical mast cells. Occasional granular cells are seen but

they are very rare. In the control group of rats, the mast-cell picture is normal,

apart from an occasional pale or 'punctate' mast cell in the mesenteric windows

and a few additional polymorph leucocytes in the omentum. If anything,

• EARS

SUBCUTI S

DAYS
Fig. 39

' Chronic dosage ' experiment. Effect of 48/80, given over thirty-one days, on
histamine content of subcutaneous connective tissue (O O) and ears

(• •) of rats. Histamine content expressed in /xg./g. tissue in the upper
tracings and in percentage of normal values in the lower tracings. Note the

partial recovery in the histamine content of the subcutaneous connective tissue,

despite the continued dosage of 48'80. (Riley and West (1955), ./. Path. Bact.

69, 269.)

there is an increase rather than a decrease in the number of omental mast cells

in the saline-treated controls.

As the experiment proceeds an interesting difference emerges between the

appearance of the mast cells in the two remote tissues, ears and subcutaneous

tissue. Mast cells progressively disappear from the ears (with the exception of

the nerve sheaths) and remain absent thereafter. In the subcutaneous connec-

tive tissue, on the other hand, the inital disappearance of the cells is followed by

the gradual development of numerous minute mast cells in the adventitia of
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small blood vessels with muscle coats until, by day thirty-two, many of these

vessels are surrounded by several layers of small, darkly-staining mast cells

(Fig. 38).

Histamine. As Figures 39 and 40 indicate, continued injection of compound

48/80 largely suppresses the restoration of the tissue histamine, with the notable

o—
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Fig. 40

Experiment as illustrated in Fig. 39. Histamine content of omentum (• •)
and mesentery (O O) shown in the two tracings. (Riley and West (1955),

J. Path. Bact. 69, 269.)

exception of the subcutaneous connective tissue, in which a recovery of 50-60

per cent of normal is achieved by the thirty-second day. The omentum, too,

shows a somewhat lesser recovery of up to 40-50 per cent of normal, and here

we observed that when an extract of this omentum was tested on the cat's

blood pressure the initial fall due to histamine itself in the extract was followed

after a few seconds by a further fall, indicative of the presence of a histamine-

liberator. This may well be some of the compound 48 80 which had been used

in the experiment.

Intra-arterial injection

In this group only those animals were examined in which, judging by the

subsequent erythema of the ear on that side, the intra-arterial injection had

been successful.
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Mast cells. In brief, the mast-cell picture of the injected ears twenty-four

hours after operation closely resembles that seen on day three of the 'subacute

dosage
1

experiment, there being widespread disruption of the mast cells. In

contrast, the ears on the opposite side which had not been directly injected

appear normal. However, it should be mentioned that in one animal there

were also signs of damage to mast cells in the mesenteric windows.

Histamine. There was a significant difference in the histamine content of

the ears on the two sides twenty-four hours after injection, the injected ears

containing only an average of 6 ng./g. histamine as against 27 [xg./g. for the

opposite ears of the same animals. The latter figure is somewhat low, an average

value for the ears of an untreated rat being 44 u.g./g. Presumably some of the

injected 48 80 had reached the general circulation.

Discussion

The main fact emerging from these experiments on rats treated in various

ways with the powerful histamine-liberator, compound 48 80, is the parallelism

which exists between the histamine value of a particular tissue and its mast-cell

content. Thus, in the present work, the transitory fall of histamine in the

'acute dosage' experiment, the more prolonged fall in the 'subacute dosage'

experiment, and the sustained reduction in tissue histamine in the 'chronic

dosage' experiment, are all reflected in the changes in the mast-cell population

of the four tissues studied.

Specificity and low toxicity of compound 48 80

Intense shock follows the initial injection of compound 48 80 into the

peritoneal cavity of the rat. Soon, however, the animal acquires tolerance to

further daily doses which would once have been fatal. This gradual acquisition

of tolerance corresponds to the progressive loss of tissue histamine; and having

acquired tolerance the rats display no further signs of toxicity for at least thirty

days, the period of the 'chronic dosage' experiment.

Thus we see that compound 48/80 produces shock in the rat only when there

is histamine to be liberated and that once the tissues are free of histamine,

compound 48/80 is no longer toxic. Its action in the rat, then, is that of a

specific histamine-liberator.

Site of action of compound 48 80

It is probable that histamine can be released in various ways, and it is

thought by some that the most common mechanism is through the activation

of a proteolytic enzyme in the blood (Rocha e Silva, 1953). However, the

ability of compound 48/80 to release histamine in the rat would appear to
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depend on a direct interaction between the histamine-liberator and some
component of the tissues themselves. This is evident, since the tissue which

first loses histamine and loses it in greater amount is the tissue with which

the liberator first comes into contact (Feldberg and Talesnik, 1953). After intra-

peritoneal injection of compound 48 80 the mesentery and omentum promptly

release their histamine, followed in due course by the subcutaneous tissue and

ears. But when the experimental conditions are altered and the liberator is

injected direct into an artery leading to another area, the ear, the loss of

histamine is almost entirely confined to that tissue. Thus we may infer that

the clue to the action of compound 48 80 as a liberator of histamine will be

found in the tissues and not in the blood.

The mast cell as the target for compound 48 80

So far as present evidence goes, the mast cell is the first component of a living

tissue to react to a local concentration of compound 48 80. Topical applica-

tion on to a serous surface by means of intraperitoneal injection is followed

by rapid dissolution of the subserous mast cells. Moreover, the mast cells

and the histamine disappear together. Later, as the cells regenerate, the

histamine content of the tissue again increases. This is well shown in the

"chronic dosage' experiment, in which there is partial restoration of mast cells

in the subcutis but not in the ear, the histamine values running parallel with the

mast-cell status of each. The disruptive effect of compound 48/80 on the mast

cells has even been observed in tissue spreads in vitro (Mota et a/, 1953),

a finding which I have confirmed. Norton (1954) was able to utilize the

phenomenon for assaying batches of compound 48 80: she also confirmed

the protective action of the antihistamines, as described by me for the

diamidines (Norton and de Beer, 1955). All the evidence therefore points

to the mast cell as the component of a tissue on which compound 48 80 acts

to release histamine.

Dosage effect of compound 48 80 on the mast cells

Intraperitoneal injection of compound 48 80 produces an almost explosive

destruction of the abdominal mast cells, and in the ear subjected to intra-

arterial injection there is again evidence of direct damage. On the other hand,

examination of tissues at some distance from the site of injection (the sub-

cutaneous tissues and the ear tissues of rats injected intraperitoneally) reveals

a slower and lesser effect on the mast cells. In these distant sites the cells

become swollen and their granules lose their affinity for basic dyes ('ghost'

cells) until at length they are no longer recognizable as mast cells.

The phenomena of the recovery phase also differ. Thus the peritoneal mast

cells are slowly restored through the development of new cells from small
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precursors in the adventitia of blood vessels, the septa of fat cells and the milk

spots and connective tissue framework of the omentum. On the other hand,

the mast cells in distant tissues reappear at once as large 'ghost' cells which

rapidly regain their basophilic granules. Since a few intermediate forms can

be found in all areas, we believe that these different sequences represent

the response to different doses of compound 48 80. Rather similar con-

clusions were drawn by Fawcett (1954), who studied the peritoneal mast

cells of rats after injecting graded doses of compound 48 80. It seems clear,

therefore, that although high dosage of a histamine-liberator kills mast cells

from which the histamine has been released, a more moderate dose effects a

reversible change, leaving the cells capable of recovery, as evidenced by

re-formation of stainable granules. It is probable that this reversible process

represents the normal mechanism of histamine release.

Secondary effects of histamine release

Among the incidental observations made in this work, the activation of

the loose mesenchyme which follows damage to the mast cells may prove to be

of physiological importance. It will be recalled that, as the mast cells disappear,

there is progressive swelling, basophilia and evidence of mobility of various

connective tissue cells, first of the adventitia itself and later of cells at increasing

distances from the blood vessels. Indeed, in such a tissue as the mesentery,

the histological picture soon comes to be dominated by the deeply stained and

swollen cells in the adventitia of the small blood vessels and by the appearance

of similar well-stained pleomorphic cells scattered over the peritoneal windows.

Some of these cells eventually become mast cells, some are evidently macro-

phages, but the majority appear ultimately to return to a state of quiescence

as the mast cells refill with granules. One wonders, therefore, whether this

temporary activation of the loose mesenchyme might not result from the flooding

of the tissues with a protein-rich oedema fluid consequent upon the release of

histamine (Drinker and Yoffey, 1941 ; Feldberg, 1954). If so, it might indicate

a physiological role for histamine in the inflammatory reaction.
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Chapter XII

COMPARISON OF THE EFFECTS OF THE SAME HISTAMINE-
LIBERATOR (COMPOUND 48 80) ON TWO CLOSELY ALLIED

SPECIES, MOUSE AND RAT

{See Riley and West, 19556)

THE work described in the previous section indicates clearly that com-

pound 48/80 is a specific and highly effective histamine-liberator for the

rat, releasing histamine from its depots in the tissue mast cells. However,

other workers have shown that compound 48 80 is less effective as a histamine-

liberator in certain other species, notably the guinea pig (Feinberg and

Sternberger, 1955). It was thus of interest to compare its effects on

two closely allied species, the mouse and rat. As before, the action of the

liberator was studied both in short-term and in long-term experiments.

Methods

The present study involved the use of ninety-four young male rats (weight

90-110 g.) of the Wistar strain, and 126 male albino mice (weight 19-21 g.).

To obtain representative initial values for the histamine content of tissues, four

groups of six rats and four groups of nine mice were killed by a blow on the

head, and pooled tissues from each group were assayed. The experimental

animals were killed in groups of seven rats and often mice, as follows:

Short-term experiment, at days 3, 5, 11, 15, 18, 32 (rats); and 3, 8, 15, 21,

32 (mice).

Long-term experiment, at days 5, 15, 24, 32 (rats); and 3, 8, 15, 21, 32 (mice).

On each occasion one animal chosen at random from each group was used for

histological purposes, pooled tissues from the remainder being assayed for

histamine.

The histamine-liberator, compound 48/80, kindly supplied by Messrs.

Burroughs Wellcome and Co., was made up in fresh normal saline for injection

intraperitoneally low down on the abdominal wall, the dosage being as follows:

Short-term experiment: Rats—injections twice daily (9 a.m. and 5 p.m.),

starting at 100 \xg. per dose and increasing the doses by 100 \xg. each day to

reach doses of 500 \xg. on the fifth day.

Mice—injections twice daily, starting at 50 \xg. per dose and increasing

the doses by 50 \±g. each day till the fourth day when doses of 1 50 [xg. and 200 \xg.

were used. On the fifth day both doses were of 200 \xg.
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Long-term experiment: Rats—dosage as for short-term experiment for

the first five days, thereafter single daily injections of 500 fxg. with increments

of 100 (j-g. every other day to reach 1 mg. per day and continuing at this level

of dosage once daily up to the thirty-first day of the experiment.

Mice—dosage as for short-term experiment for the first five days, thereafter

single daily injections of 200 [ig. for five days, then 250 y.g. for five days, and

finally 300 \ig. once daily up to the thirty-first day of the experiment.

The ears and subcutaneous connective tissue (obtained by removing the

skin and scraping off the tissue from the under surface) were selected for estima-

tion of their histamine content. This was assayed on the isolated guinea pig

ileum preparation in the presence of atropine or on the blood pressure of the

atropinized cat. Representative tissue spreads were prepared, fixed, and

stained with toluidine blue for mast cells as previously described.

Results

Short-term experiments

Short-term experiment in rats. The first intraperitoneal injection of

100 [j-g. of compound 48,80 produces in rats shock, erythema followed by

cyanosis of the ears, and visible oedema in certain regions of the skin. This

oedema appears to be dependent on the presence of available histamine, for

the ears and feet are the usual sites of early swelling and these tissues are rich

in both histamine and mast cells. Severe itching seems to occur in both regions.

The amounts of histamine released by the liberator and circulating subsequently

in the body decrease with each injection of compound 48 80, until at day three

the histamine content of the ear and subcutaneous connective tissue is reduced

to some 3-7 per cent of its original value (Table XIV and Fig. 41).

Table XIV

Histamine content of tissues of rats following

treatment with 48/80 over 5 days (Short-term

experiment)

Values expressed in [J-g./g. tissue

Day
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At this stage there is an absolute decrease in the number of mast cells in

both ear and subcutis, such cells as remain being recognizable only by the

presence of a few clumped granules or of small pale granules situated at the

periphery of greatly swollen 'ghost' cells. At day five there is no further

visible damage to the mast cells, and signs of itching, cyanosis and oedema
are no longer provoked.

In as short a time as six days after the last injection (day eleven of the

experiment) there is substantial restoration of the mast-cell pattern in the skin
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Fig. 41

Short-term experiment. Effect of compound 48/80, given over five days, on the
histamine content of subcutaneous connective tissue (dotted lines) and ears (solid

lines) of mouse and rat: histamine values expressed as per cent of normal.
Compound 48/80 is about twice as effective in the rat as in the mouse. Both

species recover rapidly.

of the ear and especially in the subcutis, and it is noteworthy that these are

almost all large, adult cells though poor in granules. This histological recovery

is also matched by a rise in the tissue histamine, the ear showing a restoration

to about 24 per cent of its normal value, whereas the subcutis is restored to about

39 per cent of normal. By day eighteen the two tissues are refilling with mast

cells of normal adult size though again the ears tend to show a slower rate of

recovery than the subcutaneous connective tissue. At this stage the histamine

content of the ears is 50 per cent of normal, whereas the histamine in the sub-

cutis is almost fully restored. By day thirty-two recovery is complete in both

regions studied (Fig. 41).
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Short-term experiment in mice. The first intraperitoneal injection of

50 [j.g. of compound 48 80 produces weakness and cyanosis in mice but there is

little evidence of severe itching. The ears display erythema but oedema is

slight. A second injection of the same dose of the liberator eight hours later

produces a similar result. Even when the dose is raised considerably (to

200 (i.g.), redness of the ears and general weakness are still observed but there

is no scratching. Biological assays indicate that the loss of tissue histamine

does not exceed 50 per cent in the skin of the ears or 30 per cent in the sub-

cutaneous connective tissue (Table XV and Fig. 41). Disruption of mast cells

has occurred in these regions but it is patchy in distribution, and many mast

cells in the ear seem to survive.

Table XV

Histamine content of tissues of mice following

treatment with 48/80 over 5 days {Short-term

experiment)

Values expressed in [ig./g. tissue

Day
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small, darkly staining cells. These changes are again reflected in the histamine

values (Table XVI and Fig. 42), the initial depletion in the subcutaneous

connective tissues (to 6 per cent of normal) being followed by a recovery to

about 60 per cent of normal.

Table XVI

Histamine content of tissues of rats following

treatment with 48/80 over 31 days (Long-term
experiment

)

Values expressed in \xg. g. tissue

Day
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Histamine-liberation and disruption of mast cells play a comparatively small

part in the overall action of the liberator in the mouse, other toxic factors being

more prominent. In the rat, on the other hand, compound 48/80 appears to

exert a selective action on the mast cells. There are no other toxic side-effects,

oedema from the action of the locally released histamine and local irritation

of the skin being the prominent features. In the mouse, oedema and scratching
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Fig. 42

Long-term experiment. Effect of compound 48 80, continued over thirty-one days,

on the histamine content of subcutaneous connective tissue (dotted lines) and
ears (solid lines) of mouse and rat: histamine values expressed as per cent of

normal. Despite the repeated daily dosage not more than about half the avail-

able histamine can be liberated from the mouse. Full depletion in the rat is

followed by some recovery in the subcutaneous connective tissue but not in the ears.

are never more than slight and may sometimes be absent. Biological assay

confirms that proportionately less histamine is released in the mouse despite

maximum tolerated doses of the liberator (amounting to 15 mg./kg.) being

administered.

In the long-term experiments a state is reached in which most tissues of

the rat are completely devoid of both mast cells and histamine; further injections

now fail to elicit the clinical signs of histamine release. With continued dosage

some recovery of histamine and mast cells occurs in the subcutaneous connective

tissue of the rat but not in the ears. In the mouse under prolonged dosage of

compound 48/80, a steady state is reached when only about half of the histamine
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in the tissues has been liberated. Further injections are toxic for reasons which

are not yet clear.

It is evident, therefore, that no simple hypothesis is adequate to explain

the action of compound 48 80 as a liberator of histamine. Compelling evidence

has been presented earlier that the chief repository of the tissue histamine is

the mast cell: this would appear to be true for all species. On the other hand,

compound 48 80, which is so effective in the rat, is only a moderately successful

liberator of histamine in the mouse, and can hardly be described as a histamine-

liberator for the guinea pig in which other toxic symptoms predominate

(Feinberg and Sternberger, 1955).

The solution of one problem only brings others to light. It would seem

that the next step is to enquire more closely into the structure and composition

of the mast granule in various species and the means whereby histamine is

bound in the cell. This may suggest a basis for the mechanism of its release.
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Chapter XIII

BINDING OF HISTAMINE IN THE MAST CELL:
THE NATURE OF THE MAST-CELL GRANULE

HEPARIN is an acid, histamine a base: is the mast-cell granule then a

salt-like compound, a ' heparinate of histamine ' ? The simple explanation

is attractive (Mota et ah 1953; Smith, 1958); yet if the two substances

can combine in the cell, why do they remain apart in the blood, as they appear

to do in the dog's blood during peptone shock? And how can we explain the

different effects of the same histamine-liberator on the mast cells of different

species (Feinberg and Sternberger, 1955), or at different sites in the same

individual (Nishiyama et al, 1957)?

It was formerly believed—and until very recently was still believed by

Rocha e Silva (1955)—that histamine is firmly bound to some tissue component

as the amino-acid histidine, which is split off and decarboxylated when histamine

is released into the blood. The exact binding site was never precisely defined,

though it was suggested that the histidine might occupy a terminal position

in a protein or polypeptide chain. In this view, histamine-release involves

both a proteolysis and a decarboxylation.

Now that we have tracked down the histamine to its depots in the tissue

mast cells, we are better placed for examining both the mode of its binding and

the mechanism of its release. Indeed, I believe that the experiments, previously

described, on the visible effects of the fluorescent diamidines on the tissue mast

cells of the rat represent the first real evidence for the intracellular location of

tissue histamine and its release by a chemical agent.

Effect ofpH
However, it may be argued that if histamine and heparin do co-exist in

loose ionic linkage by virtue of their opposite electrical charges, it should be

possible to separate them by subjecting the combination to a greater potential

difference—an electrophoresis in vivo. The following experiment was therefore

devised (Fig. 43).

A fresh loop of rat small intestine with its attached mesentery is spread on

a warm microscope slide and one of the avascular interspaces (a peritoneal

'window') is covered with a drop of normal saline at body temperature. Two
platinum wire electrodes, bent as shown, are placed about 1 cm. apart on either

side of a suitable microscope field containing numerous mast cells; the electrodes

are in turn connected through a switch to a 12-volt accumulator. A fragment
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of cover slip is lowered on to the field which is to be observed, the microscope

re-focused and the switch closed.

For a moment nothing happens. Then, one after another the mast cells

'tense
1

, round up and, literally, explode—a most dramatic and astonishing

sight. However, it was quickly evident that this is not an 'electrophoretic'

separation: the 'explosions' begin at the cathode, spread to the centre of the

Fig. 43

Simple apparatus for testing the effect of an electrical

field on mast cells in rat mesentery. The preparation

is bathed in physiological salt solution.

field and stop (Fig. 44). By replacing the tissue with a piece of filter paper

soaked in a dilute solution of an indicator fluid ('Universal Indicator', B.D.H.)

it is evident that the origin and extent of the disruption of the mast cells

correspond exactly to the wave of sodium hydroxide which is released

electrolytically from the salt solution in which the preparation is bathed; this

also begins at the cathode and stops at the centre of the field. The mast cells near

the positive pole, the acidic (HC1) half of the field, remain intact. If the current

is reversed they, too, undergo disruption. The whole phenomenon can be

reproduced by running a drop of N/10 sodium hydroxide under the cover slip

of a fresh preparation (Fig. 45).
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This experiment led naturally to a consideration of the effects of bases in

general on mast cells, from which the general conclusion was drawn that any

change in the pH of the surrounding medium from neutrality towards the

alkaline side favours the swelling and disruption of the tissue mast cells.

Ammonia, the simplest of amines, is at least as effective (though less specific)

than the complex organic bases studied by Macintosh and Paton (Schild, 1949).
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Fig. 44

On closing the circuit a wave of ' exploding' mast cells spreads from the negative pole to the

centre of the field, and stops. If the current is reversed the remaining half of the field is

similarly affected.

The violent disruptive effect of ammonia on the mast cells was demonstrated

in vivo by exteriorizing a loop of small intestine from a rat under Nembutal

anaesthesia and spraying the peritoneal window with warm ammonia vapour.

Here the disruption of the living mast cells can be seen under the microscope

(Fig. 46). Such a preparation can be used for examining the effects of the less

toxic liberators, applied topically or injected intravenously into the rat.

Two small series of animals were given intraperitoneal injections of sodium

hydroxide, or ammonium hydroxide (West, 1956) and estimations were subse-

quently made of the tissue histamine, as in the previous work in which compound
48/80 was used. The results are recorded in Tables XVIII and XIX.
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Table XVIII

Effect of A intraperitoneal injections ofM NH^OH on the histamine

content (\Lg.jg.) and mast-cell content of tissues of rats (4 per group)

at various times after injection
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Fig. 45

The " explosions " are due to the action on the mast cells of sodium hydroxide,

liberated at the cathode. Here a weak solution of sodium hydroxide (arrow)

is being run under the cover-slip of a fresh preparation. Note swelling and
disruption of the mast cells, as before ( . 950).
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Fig. 46

Ammonia, the simplest of amines, is an efficient though non-specific histamine-
liberator. Living mast cells in this preparation of exteriorized rat mesentery have been
sprayed with ammonia vapour, then fixed and stained as a tissue spread. The swelling

and disruption of the mast cells are clearly visible (x 700).
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It has been known since the time of Ehrlich and Westphal that the mast

cells in certain species are extremely susceptible to the action of water; hence

water is a histamine-liberator for these species. When the tissues are stored

under more physiological conditions, as in balanced salt solution, the mast

cells survive longer and the histamine value of the tissue is sustained. This is

illustrated in Table XX in which histamine values were recorded for strips of

fresh sheep liver capsule, taken from the same animal, and immersed for one

hour in water, normal saline or a dilute solution of the histamine-liberator

D-tubocurarine.

Table XX

Effect of water, sodium chloride solution (0 9 per cent

vv/v), and solution of D-tubocurarine (01 per cent wjv)

on the histamine content ([ig./g. tissue) and mast-cell

content of sheep-liver capsule. Immersion time, 1 /;/'.

at room temperature

Liberator
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Fig. 47

Mast cells in afresh spread of ox peritoneum; fixed alcohol, stained toluidine-

blue. The cytoplasm is packed with dark metachromatic granules ( 535).

(Riley (1954), Lancet, p. 841.)

Fig. 48

A part of the same tissue spread as in Fig. 47. This area was dipped in water
before being fixed with alcohol. There is now disruption of the mast cells;

their nuclei stain darkly; and much of the metachromatic material has

diffused out of the cells and become attached to adjacent connective tissue

fibrils ( X 535). (Riley (1954), Lancet, p. 841.)
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begin to swell and metachromatic material can now be seen to diffuse from

the granules into the cytoplasm and, ultimately, through the cell wall to form

a pericellular metachromatic halo. The exceedingly thin cell wall may rupture,

leaving behind only a few swollen and usually basophilic granules and a nucleus

now also swollen and stained. These findings were, in fact, known to Ehrlich

(1878), as we can very well appreciate now that his own thesis is available for

consultation (1956). Ehrlich believed the nuclear staining to be due to the

formation of a double salt. It seems likely that the heparin penetrates the

nucleus of a dead cell and there combines with its basic protein, forming a

stainable complex (Figs. 47-50). Sometimes the diffuse pericellular meta-

chromasia can be seen to concentrate around, and become attached to, adjacent

connective tissue fibrils (Riley, 1954, 1956, p. 400; and see Figs. 47 and 48).

However, if the dye is applied to the mast cell, not in water but in normal

saline or Ringer-Locke solution, the granules stain successively as before but

now appear to be preserved rather than destroyed by the dye. Following this

lead, I tested the effects of adding the dye toluidine blue to an intraperitoneal

injection of saline in the rat. To all outward appearances the mast cells and

their granules seemed well preserved when fresh tissue spreads were examined

at the end of the experiments. There was neither degranulation nor disruption.

Yet, as in Fawcett's experiment, histamine had been released into the surround-

ing fluid. Presumably one amine (the dye) had replaced the other (histamine).

This process may perhaps occur under yet more physiological circumstances:

thus Feldberg and Smith (1953) showed that tryptamine and 5-hydroxy-

tryptamine can act as histamine-liberators in vivo. One might speculate that

the traces of 5-HT which are normally found in the mast cells of the mouse

and rat (Benditt et al, 1955; West and Parratt, 1957) have reached the cells

in this way.

The above findings thus draw attention to the complexity of the mast-cell

granule. Heparin, in common with other electro-negative colloids, can be

stored as droplets in cells of the reticuloendothelial system (Asplund et ai

1939); but these are not mast cells (Isidor, 1954). The granules in young mast

cells in the rat tend to be basophilic with toluidine blue and stain positively

with the periodic acid-Schiff method (Jorpes et al, 1948), whereas the more

mature granule is metachromatic and PAS-negative (Riley, 1953a). Mast cells

also rapidly incorporate and store labelled sulphate (Jorpes et al, 1953). These

findings certainly suggest that at least a final rearrangement and sulphation

of the heparin molecule occurs inside the mast cell. Somewhat similar con-

siderations apply to the histamine and 5-hydroxytryptamine in mast cells.

Thus, Schayer (1956) has shown that a suspension of rat mast cells can take up

labelled histidine from the medium and convert it into labelled histamine.

According to Lagunoff et al (1957) and Hagen and Lee (1958) the mast cells
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in the skin of both rat and mouse can convert 5-hydroxytryptophan into

5-hydroxytryptamine. The work of Riley and Drennan (1949), Friberg et al

(1951), Wislocki and Fawcett (1951), Compton (1952), Montagna et al (1946,

1948, 1954), Montagna (1957) and others have extended the histochemical

observations of Noback and Montagna (1946) on the complex structure and

enzyme content of the granules. Zollinger (1950), for example, has likened the

granules to 'giant mitochondria'. However, recent studies with the electron

microscope (Bloom and Friberg, 1953; Bloom et al, 1955; Smith and Lewis,

1955; Stoeckenius, 1956; Rogers, 1956) confirm that the mast cell usually

contains a few typical mitochondria in addition to its vast complement of large

granules (Nakajima, 1928). Indeed, recent biochemical evidence supports the

view that it is the large granule which contains the histamine (West, 1955),

heparin (Koksal, 1953) and 5-hydroxytryptamine (Barrnett et al, 1958). The

inter-relationship, if any, of the two types of cytoplasmic inclusion has yet to

be determined. Hence it is clear that the mast-cell granule is more than a mere

chemical polymerization of heparin, or even of heparin and histamine: it is a

metabolically active organelle which responds to changes in its environment

as an intracellular osmometer, and, acting in this way, is capable of liberating

its contents.

Effect of trichloracetic acid (See West and Riley, 1954)

Trichloracetic acid is so efficient, and acts so rapidly, in extracting histamine

from a tissue rich in mast cells that it seemed worth while to examine more

closely its mode of action. In the first place, the very fact that trichloracetic

acid is so efficient in withdrawing histamine from its depots, seriously impairs

any hypothesis that histamine must first be formed enzymatically from histidine

in protein before it can be released into the body fluids. Trichloracetic acid

precipitates protein and thus inhibits enzymic action; and the fact that water is

itself an efficient histamine-liberator adds further to the present belief that the

histamine already exists, preformed, in the mast cell, held only by loose ionic

linkages.

In order to obtain information about the action of trichloracetic acid,

suitable tissue extracts were subjected to chromatographic analysis.

Extracts of tissues exceptionally rich in histamine, such as ox pleura, ox

liver capsule, and mast-cell tumours from dogs, were prepared for ascending

chromatographic estimation of histamine by simple extraction or by grinding

the tissues with 10 per cent aqueous trichloracetic acid and centrifuging. Using

as solvent mixture «-butanol : acetic acid : water (4:1: 5), it was observed that

after spraying with the Pauly or the paranitraniline diazo-reagent not one, but

two, sharply defined spots appeared on the chromatogram of R
F
=0T1 and

0-65. Both spots contained material which when eluted with water or 0-01
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N hydrochloric acid showed histamine activity on the isolated guinea pig ileum

and on the blood pressure of the atropinized cat. Prior removal of the excess

trichloracetic acid from the solution by ether extraction merely reduced the

intensity of the fast-running spot. When an eluate of this fast-running spot

(R
F
=0-65) was re-run in the same solvent as before, the histamine now

remained entirely in its lower location (R
F
=0-1

1 ).

Further experiments showed that at least three factors are involved in the

migration of histamine to the fast-running spot, namely: (1) the concentration

of trichloracetic acid; (2) the concentration of histamine; (3) the presence of a

basic amino-acid. First, pure histamine acid phosphate in water forms a compact

spot at R
F
=0-11, but with increasing concentration of trichloracetic acid

a 'trail' of histamine moves up the paper as far as the R
F
=0-65 area. This is

not a mere pH effect, for histamine in 0-33 N hydrochloric acid or in 10 per

cent aqueous acetic acid does not migrate in this way. Trifluor-acetic acid

resembles trichloracetic acid in its mobilizing effect on histamine, recalling the

similar effect of these acids on the chromatographic behaviour of adrenaline

(Shepherd and West, 1952). Removal of the excess acid from these solutions

by ether extraction concentrates the histamine into a single compact spot at

R
F
=0-11. Secondly, when the strength of the trichloracetic acid is kept

constant, any increase in concentration of histamine in the mixture is followed

by increased upward trailing from the slow-running spot. Thirdly, for complete

separation of the two spots, the presence of at least one basic amino-acid is

necessary. Thus, when an artificial mixture is made up containing pure histamine,

trichloracetic acid and arginine, lysine or ornithine, the chromatographic

pattern now exactly resembles that seen with tissue extracts, the histamine

being divided between the two spots, R
F
=0-11 and R

F
=0-65; ether extraction

of this mixture simply reduces the intensity of the fast-running spot. When all

three amino-acids are present in the mixture, the chromatogram shows inversion,

only the upper (fast-running) spot now appearing on the paper.

It is thus possible that the remarkable ability of trichloracetic acid to

extract histamine from tissues is related not only to its coagulative effect on

protein but also to its participation in a loose complex containing histamine

(probably as the trichloracetate) and basic amino-acids. Detailed analysis of

the original tissue chromatogram shows that arginine and lysine are in fact

present and trail behind the fast-running spot of histamine.

Phospholipid content

The hydration of the mast granule by water, and especially by water con-

taining alkali, invites comparison with other biological systems which react

in similar fashion. Among these, the curious formation of 'myelin figures'

by the fatty material of nerve sheaths or by the lipoidal walls of plant cells and
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plastids (Gicklhorn, 1932) is outstanding. There is now abundant evidence

(cf. Frey Wyssling, 1948) that such structures are composed mainly of bimolecular

leaflets of phospholipid, often cross-linked by divalent calcium ions, and that

mild saponification by alkali is sufficient to admit water between the leaflets

and so produce visible swelling and the emergence of strange, worm-like tubes

as the process of hydration travels through the system. Nils Berg (1951) using

benzpyrene-cafTein as a 'stain' followed by examination of the preparation in

ultra-violet light for the detection of fluorescent lipoids has shown that both

nerve sheaths and mast-cell granules 'stain' positively for phospholipids which,

in the natural state of the tissues are either so finely dispersed or so tightly

bound to protein that they fail to stain with conventional methods. Hedbom
and Snellman (1955) isolated the mast granules from the cells in ox liver capsule

and subjected them to various analytical procedures. They state that the lipid

fraction comprised no less than 23 -9 per cent of the total dry weight and that

(p. 154) 'the main part of the lipid fraction was not soluble in acetone, which

indicated a high percentage of lecithin'. It is, of course, the lecithin which is

believed to provide the physical basis for the hydration of the myelin in nerve

sheaths and plant cells. On the other hand, as we have observed earlier in

a study of the effects of compound 48 80 on the rat, the nerve sheaths appear to

be among the tissues in the skin which are not affected by compound 48/80: even

the mast cells within the nerve sheaths remain intact. A more subtle mechanism

is required to explain how histamine-release is 'triggered' in the mast cell.

Seeking another component of the mast granule which might respond

either to the effects of a histamine-liberator, or even to the released histamine

itself, my attention was caught by a report of some physico-chemical experi-

ments on artificial surface films, carried out by Dr. R. Hirt in Bern. Briefly,

Hirt and his colleagues (1952) were able to show by a tensiometric technique,

O
II
ii

that a primary (but not a secondary), phosphatide of the type R/—O—P—OH
I

OH
reacts specifically with histamine, as is shown by a sudden and decisive drop

in the surface tension of the film at a liquid-liquid interface when histamine

is applied. Further, the film can be protected by pre-treatment with an

antihistamine drug. It will be recalled that I found that the injection of

mepyramine into a rat shielded its mast cells against the disruptive action of

stilbamidine, despite the fact that the diamidine still reached the cells, as

shown by their vivid fluorescence in ultra-violet light.

A preliminary investigation has therefore been started in co-operation with

Dr. R. M. C. Dawson of Cambridge who has made a detailed study of the
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phosphatidic acids and their identification in biological material. Various

tissues, rich in mast cells, have been sent to Dr. Dawson, either in 1 : 1 chloro-

form/methanol or after preliminary hydrolysis, and he has chromatographed

them against known standards (Dawson, 1957). A special effort was made to

obtain a reasonably pure sample of isolated mast-cell granules from the rat

by taking advantage of the fact that the granules in this species are remarkably

resistant to the lytic action of water (Paff and Mergenthaler, 1955).

Ten adult Wistar rats were killed by a blow on the head, skinned, and the

subcutaneous connective tissue was vigorously scraped off with a scalpel.

Representative samples of this were made into tissue spreads and stained with

toluidine blue and the remainder was then immersed in a stoppered bottle of

water and agitated at maximum speed for one hour in a mechanical shaker.

Tissue spreads prepared from the residue showed that a high proportion of the

mast cells had been disrupted and their granules scattered (Figs. 49 and 50).

The rest of the tissue pulp was strained through glass wool and the turbid

filtrate centrifuged. Examination of a smear of this deposit stained with

toluidine blue on a microscope slide, disclosed that it consisted mainly of mast

granules with a few nuclei. Chromatography of a hydrolyzed sample indicated

that the mast granules of the rat contain lecithin (phosphatidyl choline) and

phosphatidyl ethanolamine and are curiously rich in phosphatidyl serine, a

phosphatide which Kirschner (1957) has recently suggested may participate

in active sodium transport across the erythrocyte membrane. Other mast cell-

rich tissues which we have so far examined for phospholipids include portions

of a mouse mastocytoma (obtained through the kindness of Dr. Jacob Furth,

in Boston) and a specimen, believed to be a mastocytoma, from a cow. All

were found to contain phosphatidyl choline and appreciable amounts of phos-

phatidyl serine, though in somewhat lower concentration than in mast granules

isolated from the connective tissue of rats.

Conclusions regarding the binding of histamine in the mast cell

All the above observations are compatible with the belief, previously

expressed in this book, that the older views on 'bound' and 'free' histamine

are no longer tenable now that the intra-cellular location of tissue histamine

in the mast cell is known, and the site of its binding can be more critically

examined. The present work suggests strongly that much of the histamine

in a tissue is present in its mast cells, preformed and ready for release by any

agent which will disrupt the mast cell (water, alkali, trauma) or, more subtly, by

the somewhat heterogeneous group of 'histamine-liberators'. Very recently

Archer (1958) has described an endogenous histamine-liberator which may play

a vital role in the release of histamine in the inflammatory process. Knowledge

128



Fig. 49

Control tissue spread, rat subcutaneous connective tissue. Toluidine blue ( 320).

'&&£&&

Fig. 50

Tissue spread, rat subcutaneous connective tissue following vigorous shaking in 25 per cent
sucrose for two hours. Only a few scattered granules remain at the site of the mast cells.

Note also that the endothelial nuclei now stain with toluidine blue ( x 320).
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of the mast cell and the structure of the mast granule suggests a multiplicity

of mechanisms whereby histamine may be released. These range from the

total disruption of the mast cell to the quiet replacement of the histamine

molecule by another amine (as, for example, toluidine blue) without accom-

panying morphological change. The reader is referred to the excellent reviews

by Paton (1955, 1957, 1958) on the structure-action relationships of the many

histamine-liberators which are now known. Finally, there is evidence, admittedly

as yet fragmentary, that the granule or cell membrane may contain in its

structure a phospholipid capable of yielding a primary phosphatide selectively

sensitive to histamine, which, freed from its ionic linkage in the cell, procures

its own release by its surface activity on the film which surrounds it. This may

prove to be the point of attack of the chemical histamine-liberators.

This last-mentioned hypothesis has recently received considerable experi-

mental support from the work of Uvnas (Hogberg and Uvnas, 1957; Uvnas,

1958o and b) in Stockholm who suggests that a basic histamine-liberator such

as compound 48/80 releases histamine from the mast cell, not by a mere

neutralization of acidic heparin in a histamine-heparin complex, but by

removing an inhibitor from a lecithinase situated at the mast-cell membrane.

The activated enzyme then brings about a lysis of the cell envelope, so permit-

ing the intracellular histamine to escape (Hogberg and Uvnas, 1958).

I had myself considered the possible role of a lecithinase in the process of

histamine-release from mast cells (Riley, 1958a) but had failed to envisage the

necessary mechanism whereby a chemical histamine-liberator might influence an

enzymic process. However, if we not only accept Uvnas' hypothesis but make

the additional assumption that the enzyme is a Type-C lecithinase (Deuel, 1951 ),

attacking the ester link between the phosphoric acid and the alcohol, we infer

that its action on the various phospholipids demonstrated by Dr. Dawson in

mast cells would be as follows:

Phosphatidyl choline yields a primary phosphatide and choline

Phosphatidyl serine yields a primary phosphatide and serine

Phosphatidyl ethanolamine yields a primary phosphatide and ethanolamine.

From each, therefore, there is formed first, a primary phosphatide selectively

permeable to histamine (Hirt and Berchtold, 1952) and second, an alcohol

(choline, serine, ethanolamine) differing quantitatively and qualitatively from

one type of mast cell to another. When the effects of the three alcohols are

tested on mast cells in fresh tissue spreads of rat mesentery, it is immediately

apparent that ethanolamine is the most effective disrupter of mast cells and,

in fact, produces a frothy, 'honeycomb' appearance of the cytoplasm very

similar to that which is observed in vivo (Riley, 1953/?; Hill, 1957).
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It is as yet too soon to judge the merit of this new approach to the problem

of the release of histamine from mast cells by the chemical histamine-liberators;

its value is rather that it opens up the way to fresh experimentation. As
mentioned earlier, it is certainly not necessary that either degranulation or

disruption occur for histamine to escape from the mast cell. The chemical

liberators are associated with pathological events.

Important as the mast cell may be in accounting for the bulk of tissue

histamine, it is desirable that we should next enquire whether there might not

exist binding sites for histamine other than mast cells and whether such binding

sites also release their histamine in response to the 'histamine-liberators'.
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Chapter XIV

NON-MAST CELL HISTAMINE: THE HIGH HISTAMINE
CONTENT OF THE PYLORIC MUCOSA

ON our return from the Histamine Symposium in London, Dr. West

and I felt that it would be of interest to test some of the views which

had been expressed on the possible origins of the histamine in mast

cells. Instead we discovered a ' compartment ' of tissue histamine which is

neither contained within the mast cells, nor is it greatly susceptible to the action

of the chemical histamine-liberators.

The experiment which disclosed this information was as follows. Three

groups, each of twelve rats, were given a five-day course of compound 48 80

to reduce their mast-cell histamine to a low level. Thereafter, for six days, the

first group received a daily intraperitoneal injection of 1 mg. histamine dihydro-

chloride, the second group received 1 mg. histidine daily, and the third group

were given appropriate injections of saline. The histamine and histidine were

themselves dissolved in saline; the volume of each injection was 1 ml. The

diet consisted of
w

Rat cubes' (North-Eastern Agricultural Co., Aberdeen) and

abundant drinking water. Histamine was estimated in four animals from each

group (a) before starting the course of compound 48 80, (b) at day five, at the

end of the course of compound 48 80, and (c) at day eleven during the recovery

period when the various groups had received histamine, histidine or saline

for six days following their initial depletion. Since it is generally believed that

the main source of tissue histamine is the histidine in the diet, we anticipated

that either, or both, groups receiving supplements would show a more rapid

restoration of tissue histamine than the controls. For the same reason we
included tongue, oesophagus, stomach (fundus and pylorus separately),

duodenum, ileum, caecum and liver for histamine assay at each stage of the

experiment. The results are expressed in Table XXI.

Examination of the findings shows, in the first place, that neither the intra-

peritoneal injection of histamine nor histidine has greatly affected the recovery

rate of histamine in the tissues (a possible exception is the subcutaneous tissue

of the group receiving supplementary histidine). Secondly, the pattern of

depletion and recovery permits the various tissues to be grouped into three

categories. In the first group are the tissues rich in mast cells which we have

often examined in past experiments—ears, feet, subcutaneous connective tissue,

mesentery and omentum, to which may now be added tongue, oesophagus and

the fundus of the stomach: these all show a pronounced fall in histamine

content, followed by a partial recovery by day eleven of the experiment. In
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the second category are duodenum, ileum, caecum and liver in which the

histamine values show little change throughout. However, there is a third

category containing but one tissue, the pyloric half of the stomach, in which

a slight fall in histamine content from an initial high value is followed, not

merely by restoration of the initial level by day eleven, but by a considerable

Table XXI

Histamine values for a wide variety of tissues from rats, given compound 48 '80 and allowed to recover

{a) on normal diet, (b) with added histamine, and (c) with added histidine. The only outstanding

feature is the rapid over-compensation of the loss of histamine from the pyloric half of the stomach

Histamine

value
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Histological examination showed that the pyloric portion of the stomach

of the rat is not especially rich in mast cells. A few are present in the submucosa,

about the level at which the mucosa can be scraped off; but the mucosa itself

is almost devoid of mast cells.

Further attempts to divide the wall of the rat's stomach into multiple slices

parallel to the surface were not very successful. However, the pyloric portion of

Fig. 51

Paraffin section through mucosa and submucosa of pyloric portion of hog stomach (the section is

lying on its side to correspond with the next figure). The numerous dark spots in the submucosa
are mast cells. A few mast cells occur in the deeper mucosa between the mucous glands, which

also stain metachromatically with toluidine blue ( 44).

the stomach of the pig is not only thick; it also contains very many mast cells

in the loose connective tissue on which the mucosa rests. We therefore pre-

pared histamine- and mast-cell ' profiles ' of the pyloric wall of hog stomach

(Riley and West, 1956a).

Figure 51 shows, at low magnification, a vertical section through the

mucosa and submucosa of the pyloric portion of hog stomach, fixed in the fluid

recommended for mast cells by Constantinides (1953) and stained with 0-1 per

cent aqueous toluidine blue. Even at this magnification the dense accumulation

of mast cells in the submucosa is clearly visible. Under high power these cells

are seen to contain granules which stain metachromatically (purple to red)*
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the largest cells being related to the vessels which traverse the middle of the

submucosa. A few similar, though smaller, mast cells accompany the loose

connective tissue upwards between the tubular pyloric glands. In view of the

obvious differences in mast-cell content of mucosa and submucosa, it was of

interest to determine the relative values for histamine in these two layers.

Mast cells were counted in the paraffin sections, using a binocular Watson

microscope of standard tube length, eye-piece x 8, and objective x 50, giving

a final magnification of 600 diameters. Figure 53 records the average number

of mast cells per twenty fields at each of eleven levels, from the surface of the

A HISTAMINE

s*y
>|<- SUBMUCOSA-
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line with what we have found elsewhere. On the other hand, when conditions

in the overlying mucosa are examined, it is evident that here the rapid fall off

in the mast-cell content (average, five cells per field) is not accompanied by

a proportionate reduction in tissue histamine (average, 76 \xg. /g.) until a region

close to the surface of the mucosa is reached. There is, in fact, almost a fourfold

difference between the histamine-mast cell ratios in the submucosa and in the

deeper mucosa. As stated above, there is good reason for believing that the

histamine in the submucosa is due to its high content of mast cells; hence it is

clear that something other than mast cells must be binding the histamine in

the mucosa.

The most obvious choice for this second component which binds histamine

in hog pyloric mucosa is the mucin of the goblet cells lining the lower two-thirds

of the pyloric glands. Indeed, there is direct evidence that gastric mucin can

bind histamine (Neugebauer and Schmid, 1949). Like the mast granules this

deeper mucin also stains metachromatically with toluidine blue, as does an

occasional strand of mucus lying free in the lumen of the stomach, whereas the

mucin of the surface cells and most of the secreted mucus stain orthochromatic-

ally (blue) with toluidine blue. It is unfortunate that we have as yet no method

for fixing the histamine in situ to demonstrate its presence directly by histo-

chemical techniques. The association of histamine with the metachromatically-

staining mucus is thus at present a matter of inference rather than proof.

Nevertheless, it is of interest that here is a site, rich in histamine and yet

comparatively poor in mast cells. At present we are at a loss to explain the

functional significance of this high concentration of histamine and its regional

distribution in the mucosa of the pyloric half of the stomach.
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Chapter XV

THE FUNCTION OF HEPARIN

Peptone shock in the dog

THE feeling of uneasiness regarding the alleged function of heparin in

the body, mentioned in the introduction, became even more acute

as the present work progressed.

The histological investigations on the distribution of the mast cells in various

species and on the relationship of the mast cells to the small blood vessels,

studied in detail in the ox and rat, left little doubt that tissue mast cells secrete

their metachromatic substance not directly into the blood, but into the tissue

spaces and thence by the lymphatics to reach the blood, if at all, by a circuitous

route. Heparin (or heparin combined with its albumin co-factor) is too big

a molecule to re-enter the venous capillary circulation; applied direct to the

capillary wall, heparin lodges in the interendothelial cement (Macintosh,

Ciba Symp. 1956, p. 407). It was clear, even at this point, that the earlier

hypothesis could hardly be correct. There is no easy entry for heparin into the

blood in most species. The function of heparin must lie in the tissues.

However, there still remain unexplained the phenomena of peptone and

anaphylactic shock in the dog, in which it is certain that heparin and histamine do

reach the general circulation, and that the massive release of both occurs mainly

in the liver (Wilander, 1938; Rocha e Silva et a/, 1947; Jaques et al, 1954).

In earlier (unpublished) work I was impressed by the consistent, though

slight, differences in time sequence of the histamine and heparin peaks in the

blood in peptone shock : this step-wise release, first of histamine which causes

the 'shock' and, second, of heparin which causes the incoagulability, at first

sight appears to weigh seriously against a common origin for the two substances.

Yet logical extension of the knowledge which we have gained of tissue mast cells

in general, to the special case of the shocked dog, suggests an interesting and

plausible explanation why histamine and heparin must be 'out of phase' in

their entry into the peripheral blood: for if heparin in the tissues is drained

(if it is drained at all) by way of the lymphatics, then heparin from the liver will

be drained in similar fashion; and the main efferent lymphatic pathway from

the liver to the blood is the thoracic duct. Here the pathway is direct.

Thus we may picture the peptone acting on the mast cells in the liver of the

dog : this explains the few seconds' delay between the moment of injection of

the peptone and the onset of the shock. It is the characteristic delay of a

histamine-liberator seeking its target, the mast cells. However, at this point

the routes of the two components of the mast cells diverge : histamine enters
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the blood by the suprahepatic veins and soon causes spasm of their sphincters.

The liver swells and its lymph drainage is enormously increased, flushing the

heparin into the general circulation by way of the thoracic duct. Once the

normal route for histamine is closed by spasm of the suprahepatic sphincters

the remainder of the histamine will accompany the heparin in the lymph.

I suggested this hypothesis of peptone shock at the Histamine Symposium

(p. 407). Later, Dr. West and I sought the experimental data to test its validity.

We cannulated the thoracic duct in the thorax of three dogs (after resecting

some of the lower left ribs to gain access to the posterior surface of the pleura)

and took repeated samples of blood and lymph both before and after injecting

peptone into the portal, or into a femoral, vein. Unfortunately, we had no

facilities for keeping dogs beyond the stage of the acute experiment, and we

felt that the results obtained with such preparations were open to objection

from several points of view. It is also difficult to find and cannulate the thoracic

duct without first giving the dog a fatty meal; but if this is done, the induction

of peptone shock becomes more difficult since dogs do not give a well-marked

response to peptone unless they have been starved for some hours beforehand.

Nevertheless, we found that the first histamine does enter the blood directly

very early in the shock and that the heparin lags behind and reaches the blood

almost exclusively through the thoracic duct. Normal lymph clots, as does

blood plasma. In peptone shock the thoracic duct lymph soon becomes

incoagulable. It is of interest that White and Woodard (1957) have since shown

that our unpublished data were sound.

Fate of heparin in the rat treated with a histamine-liberator

Further evidence against the view that heparin from the tissue mast cells

is a natural anticoagulant was obtained by comparing conditions in the dog

and rat. There are very few mast cells in the liver of the rat, though they are

common in the peritoneum and are extremely numerous in the connective

tissue. One might therefore expect this connective tissue to be the 'shock

organ' of the rat and to release both histamine and heparin into the blood if

the older views on heparin are correct.

The following experiment was carried out to test this point (Riley et al,

1955). Two groups of eight female Wistar rats, of 200-250 g., were used. The

first received intraperitoneally over a period of five days progressively increasing

doses of compound 4880 in saline, by which time 1 mg. per 100 g. body-

weight could be given without eliciting signs of shock. The second group was

given equivalent volumes of saline intraperitoneally as a control. Whole

blood clotting times were measured repeatedly by the capillary tube method,

and samples of urine, collected on filter paper, were tested for metachromatism

with a weak solution of toluidine blue. At the end of five days the two groups
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were killed and skinned, and as much subcutaneous connective tissue as possible

was scraped off. Representative tissue spreads were examined histologically

for mast cells, the remaining subcutaneous tissue (about 60 g.) in each group

being then pooled and assayed for histamine and heparin as previously de-

scribed (Cass et al, 1954) except that on this occasion we used the thiocyanate

method (Snellman et al, 1948) for the initial extraction before finally purifying

the heparin by the method of Charles and Scott (1933).

Compound 48/80 in the dosage used produced widespread degranulation

and disruption of the mast cells in the dermis of rats, and almost complete loss

of its tissue histamine—a drop from 26 to 1 -5 ^g./g- tissue (94 per cent loss).

On the other hand, the total heparin content fell only from 10-0 to 4-7 i.u./g.

(53 per cent loss). Thus the almost complete release of histamine from the

subcutaneous connective tissue of the rat by compound 48/80 was accompanied

by a loss of only half the associated heparin, and even then there was no sign

of the release of heparin into the circulating blood; the clotting time remained

normal and no metachromatic material appeared in the urine. That the heparin

extracted from the control series did in fact possess anticoagulant activity was

confirmed by its action on normal rat blood in vivo and in vitro. Another

histamine-liberator, diaminodecane, has been found to act in similar fashion

(Braunsteiner et al, 1957).

So far as present evidence goes, both the rabbit and the guinea pig resemble

the rat in their failure to show changes in blood coagulability during anaphy-

lactic shock (Adams, 1953). The time has surely come for us to acknowledge

the slenderness of the argument which links the dramatic events of peptone and

anaphylactic shock in one particular species, the dog, to the function of heparin,

and hence, of the mast cells in general.

Mast cells and the connective tissues

The problem thus remains: what becomes of the 'heparin' which is released

from the tissue mast cells in species other than the dog? We have noted earlier

that some of the metachromatic material from disrupted mast cells may be

disposed of locally by macrophages and fibroblasts, some may adhere to

adjacent connective tissue fibrils or cells, while some may be bound by the basic

histamine-liberator itself. Pure heparin can be shown to interact with soluble

collagen protein in vitro, but the resulting fibrils do not closely resemble the

fibrils of natural collagen (Morrione, 1952). However, Higginbotham and

Dougherty (1956) have recently confirmed, by an elegant technique, that

metachromatic granules released into the tissues from mast cells are quickly

phagocytosed and digested by nearby fibroblasts (Maximow, 1904; Brodersen,

1928). These workers have thus supplied an important piece of evidence for

the hypothetical scheme of the 'dynamics of the connective tissues' which I
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put forward in the Ehrlich Centenary Lecture on the Mast Cells (Riley, 1954)

by directly relating the release of metachromatic material from the mast cells

to the fresh formation of ground substance by the connective tissue cells.

embryo adult

chronic [protein-rich] chronic lymphatic

oedema obstruction

4++

healed scar
O

Fig. 53

Diagram to show the participation of the mast cells in the dynamics of

the connective tissues. Mast-cell content is indicated by the signs O to

+ + + ; the cross-hatching indicates metachromatic ground substance.

(See Riley (1954). Lancet, p. 841.)

The proposed scheme for the participation of the mast cell in the dynamics

of the connective tissues, mentioned above, is illustrated in the sequence of

events shown diagrammatically in Figures 53 and 54. Mast cells are not present

in the early embryo; they appear in their characteristic locations only towards

the end of embryonic life when they rapidly fill with granules (Laguesse, 1919;

Hjelmman, 1954; Kitanishi, 1956). This is the sequence epitomized in the
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umbilical cord and described earlier (p. 15). If, however, the connective

tissue is later subjected to trauma—mechanical, chemical, thermal, bacterial

—

whereby an 'acute watery oedema' is produced (Drennan, 1951), the mast

cells promptly release their metachromatic substance into the tissues (Sylven,

1941 ; and see Figs. 47 and 48). The appearance of tissues thus mobilized for

regeneration and repair closely resembles the histological conditions of embry-

onic connective tissue (Holmgren, 1939, 1940). Fibroplasia of shorter or

longer duration follows, and, as recognizable collagen begins to take its shape.

Fibroblast Fibrils
"**'

Precursors

r*« chromotrope

Fig. 54

The Mast-Cell Cycle. This illustrates the part played by the mast cell in the local

events of the connective tissues. Ground substance, derived originally from the fibro-

blast, is ultimately stored in altered, compact form in the mast cell: following 'trauma'
it can again be released and re-enter the cycle via mesenchymal cells whose main

source of fuel is the blood stream.

mast cells once more appear in the reactive zone (Staemmler, 1921). Should

fibroplasia be unduly protracted, as in chronic inflammation, the mast-cell

population further increases (Janes and MacDonald, 1948); and in conditions

of chronic lymphatic obstruction, in which the tissue spaces remain loaded

with protein-rich oedema fluid, both connective tissue hyperplasia and mast-

cell hyperplasia become extreme (Baumer, 1896). The end-point is reached

with the formation of avascular scar tissue in which neither fibroblasts nor

mast cells are now present (Neumann, 1890).

Such is the observed sequence; the difficulty lies in the interpretation. The

cyclic changes in the mast-cell population of loose connective tissue certainly

suggest that the mast cells are concerned in some way with the function of that
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tissue, and the clue may lie in the distribution of the metachromatic material.

The two types of metachromatism—the diffuse metachromatism of ground

substance and the compact granular metachromatism of mast cells—are present

alternately in the series of changes outlined above, suggesting that whatever

their chemical relationship may be they bear an inverse functional relation to

one another. The precursor of the metachromatic ground substance present

in the embryo would seem to stem from the connective-tissue cells themselves

and may undergo further elaboration in the tissue spaces (Schoenberg and

Moore, 1958). The major component of the ground substance is generally

cooh o CH
t
OH

o-

NHOCCHj

r\

HYALURONIC ACID

COOH O CH.OH O

l/H

\OH

H

H OH
OH . . mucau

+ 2SOH
NHSO,H

a

HEPARIN
Fig. 55

Suggested formulae for heparin and hyaluronic acid. (Redrawn from Burkl,

1952.) (See Riley (1954), Lancet, p. 841, fig. 1.)

believed to be hyaluronic acid. As cellular differentiation advances and the

ground substance shrinks, metachromatic mucopolysaccharides are seen to

concentrate as granules in the tissue mast cells. Yet this is more than a simple

phagocytosis of mucopolysaccharides by the mast cells. In addition to the

esterification of the molecule by sulphate, its internal structure is radically

changed. Indeed, complete hydrolytic breakdown of hyaluronic acid must first

occur before a re-synthesis to heparin is possible (Fig. 55). Yet in this way

the building blocks of a strongly hydrophilic colloid (hyaluronic acid) can be

stored in compact, dehydrated form (heparin), as foodstuffs were concentrated

and stored during the past war. Speculating thus, a hundred years after the

birth of Ehrlich, we come back to his original view of the mast cell as a 'well-

fed cell' of the connective tissue.

Within recent years a number of workers have come to favour some form

of this general hypothesis relating the mast cell to the connective tissue. Sylven
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< 1941, 1957), following the lead of Staemmler (1921), believes that the mast cell

produces the metachromatic ground substance ('free chromotrope substance')

of granulation tissue. Asboe-Hansen (1951, 1954) states even more emphatic-

ally that the mast cell, under hormonal control, secretes the hyaluronic acid of

the ground substance, perhaps by way of a heparin-like precursor. But the facts

( 1 ) that in normal development in the embryo and in chronic inflammation

in the adult, the metachromatic ground substance is laid down before the mast

cells appear, and (2) that fibroblasts and synovial cells in vitro are capable of

forming hyaluronic acid in the medium without the participation of mast cells,

both tend to shift the initiation of the production of ground substance to the

connective tissue cells themselves (Campani, 1951; Grossfield et al, 1955;

Taylor and Saunders, 1956; Castor, 1957). According to Meyer (1950, p. 32):

'fibroblasts secrete large amounts of acid mucopolysaccharides together with

a globular native protein, the precollagen. . . . The regularly spaced acidic

groups of the polysaccharide chain would form a template, so to speak, on

which the fibrous proteins are built. The mucopolysaccharides which first

form a sheath on the fibrils would then be removed by enzymatic digestion.'

It is at this stage that the mast cells appear: the mastocytosis is a secondary

event (Riley, 1954).

Endothelial cells, mesothelial cells, synovial cells and fibroblasts have much
in common (Grossfeld et al, 1955). Synovial joints develop as clefts in the

embryonic mesenchyme; adventitious bursae readily form in the connective

tissue of the adult. Even the vascular endothelial cell is now believed to

furnish its own coat of sulphated mucopolysaccharide (Curran, 1957). A
surface secretion of a cell in one situation is an intercellular secretion in another.

And in every case it is possible to envisage a final concentration and storage of

altered mucopolysaccharide in the granules of tissue mast cells. Under suitable

circumstances the granular mucopolysaccharide can again be released and find

its way back into the fibroblast (Fig. 54). At the same time, it is clear that the

metachromatic substance of the mast cell is but one source of fuel for the

connective tissue cell and that the mast cell, in turn, can flourish in the absence

of fibroplasia, as in the mast-cell tumours. Nevertheless, there are grounds

for the belief that a local mast-cell cycle may operate in the tissues and that this,

in turn, is geared to the major cycle of lymph and blood. In any event, the

emergent route for heparin from the mast cell must surely be by way of the

lymphatics.

More facts are needed for a final evaluation of the role of the mast cell in

the connective tissues. For the moment we must leave it that a local 'mast-

cell cycle' may play its part in the deposition, absorption and redeposition of

fibrils in connective tissue and that there is growing evidence that this is so.
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Chapter XVI

MAST CELLS AND HISTAMINE IN THE SKIN

(See Riley and West, A.M.A.Arch, dermatol., 19566)

MAST CELL-HISTAMINE k PROFILES ' IN NORMAL SKIN

THE classical studies of Lewis (1927) and Dale (\929a and b) clearly

established the role of histamine in the reactions of the skin to injury.

It was thus of interest to examine the skin of various species and to deter-

mine the extent to which the distribution of the histamine in each is related to

the distribution of its mast cells.

This study shows that at least so far as the skin of man, mouse, rat, cat, dog.

ox, pig, guinea pig, and rabbit is concerned, the bulk of the extractable histamine

is situated in that part of the skin which contains most mast cells.

Histamine and mast cells in ears

In the course of a survey of the development of mast cells in the skin of the

embryo, it was noted that the cells often appear first and are later extraordinarily

numerous in the ear. This finding was of particular interest in view of con-

temporary work by Feldberg and Miles (1953), who showed that the ear of

the guinea pig is comparatively rich in histamine. Histological studies con-

firmed that mast cells, though sparse in the skin of the guinea pig, are most

numerous in those regions in which Feldberg and Miles had obtained their

highest values for histamine—nipples, perivaginal skin, and the skin of the ear.

It was therefore decided to examine the ears of some of the larger domestic

animals in which a simple dissection of the tissues might suffice to indicate

which part of the ear contains the maximal concentrations of mast cells and of

histamine.

Materials and methods. Whole ears of cattle and pigs obtained fresh

at the slaughter-house were split vertically down the midline, and representative

whole-thickness blocks for histology were removed from the base, centre and

tip. Next, the upper and lower skin coverings were freed from the intervening

cartilage by sharp dissection, and further samples of the various parts were

removed for histological examination. All tissue blocks were placed at once

in the fixative recommended for mast cells by Constantinides (1953) and were

later embedded in paraffin, cut at 8[j. and stained for mast cells with a 0-1 per

cent aqueous solution of toluidine blue. Other sections were stained by the

haematoxylin-eosin method for general histological detail. Mast cells were then
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counted in the toluidine blue preparation at a magnification of 120 diameters

using a binocular Watson microscope of standard tube length, eye-piece X 8

and objective x 16. Ten fields, chosen at random, were counted for each tissue

layer, the results being expressed as "mast cells per microscope field'. For the

pharmacological assays, weighed portions of tissue adjacent to those selected

Table XXIII

Regional variations in histamine and mast-cell

contents in hog ear

Upper Surface

Base

25 (81)
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parallelism between the histamine values and mast-cell contents of the various

topographical regions of the ear. Thus, there is more histamine in the upper

than in the lower skin, and more at the tip than at the base. The central

cartilage, though displaying as strong a metachromatism as the mast granules,

contains little histamine, and even this may perhaps be due to the few mast cells

in the perichondrium. A high content of mast cells has been previously noted

Fig. 56

Whole mount, upper skin mouse ear. Fixed alcohol, stained toluidine blue ( 64). Enormous
numbers of mast cells are present; many of them surround the hair follicles. The skin of the

ear contains proportionately more histamine than any other tissue.

in the ears of mice and rats (Figs. 18 and 56). However, the ears of these

smaller animals are less suited to a regional survey of mast cells and histamine

than are the ears of larger animals. Only the upper skin of the ear of the mouse

and rat can readily be stripped off the cartilage, though it has the advantage

of being so thin that it can be examined histologically as a whole-mount

preparation (Fig. 56). This upper skin in mouse and rat contains about three

times as much histamine as the remainder of the ear, cartilage and lower skin

together.

Thus, these preliminary findings using the ears of various species support

the idea that there is a close association between the histamine content of a
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given tissue and the density of its mast-cell population. This becomes more

apparent when the skin elsewhere is examined.

Histamine and mast cells in abdominal skin

As Table XXIV indicates, it was found possible to subdivide whole skin

from the base of the upper surface of ox ear into two parts, an inner and an

outer layer. Here it was observed that both mast cells and histamine are
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Fig. 57

Vertical section cat skin. Toluidine blue ( 144). The majority
of the mast cells are small and lie close under the epidermis. Both
they and the histamine remain behind when the dermis is scraped off

at the level of the arrows.

concentrated mainly in the inner, or dermal, layer. This suggested that it might

be feasible to examine the skin of other species in this way, scraping off as

much as possible of the dermis and examining it and the remaining upper layer

separately for mast cells and histamine. Since the method is essentially

comparative, each portion serves as a control for the other.

Materials and methods. Samples of fresh abdominal skin from guinea pig,

rabbit, dog, cat, mouse, and rat were pinned out on a board, fur side down,

and as much as possible of the dermis was scraped off with a scalpel. Human
skin, obtained fresh at operation from mastectomy specimens, was subdivided

in the same way. Tissue spreads were made from the inner, or dermal, layer,

and paraffin sections from the remaining outer layer, which consists of epidermis
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and its appendages together with a layer of dermis whose thickness varies from

one species to another. These preparations were then compared with paraffin

sections of whole-thickness skin to determine the level at which the separation

had been made. Mast cells were counted as before in the inner and outer zones
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high—cat, mouse, and rat. The histological appearances in these three species

are shown in Figures 57, 58 and 59 which are all of the same magnification;

the arrows indicate the level at which the dermis can be scraped off. When the

histological appearances are compared with the values for histamine in Table

XXV we see that the mouse, with the highest total skin histamine, has two

layers of mast cells and two concentrations of histamine—one in the inner and

a second in the outer zone of skin. The cat and rat each have only one main

M^ ^g ?&&Z9F
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Fig. 59

Rat skin. Staining and magnification as in Figs. 57 and 58. Here
the mast cells lie mainly below the arrows and are removed, along
with most of the histamine, when the dermis is scraped off. Contrast

cat skin. Fig. 57.

concentration of mast cells and histamine; yet the two species differ in that the

mast cells and histamine in the cat's skin are chiefly in the outer layer, close to

the epidermis, whereas the mast cells and histamine in the rat are mainly in

the inner layer, which can be removed by the technique described above. Not

only do the various histamine values for the two layers reflect the number of

mast cells in each; they also reflect to some extent the size of the cells comprising

the layer. Thus it will be seen from Figures 57, 58 and 59 that the subepidermal

mast cells in cat skin, though numerous, are small compared with the mast

cells in the mouse and rat, and that the mast cells in the superficial layer in the
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skin of the rat are themselves smaller than the more deeply situated cells. It is

curious that the smallest animal, the mouse, has the biggest mast cells and a

double layer of them in its skin. Simple enumeration of the mast cells fails to

record these qualitative differences.

Table XXV

Comparison of mast-cell contents and histamine values in the outer and inner zones of various species

Species
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sections cut perpendicular to the surface of the skin. Two factors prevented

accurate counts being made of the mast cells in the frozen sections; first, the

actual thickness of the slices themselves (40 \l), and secondly, the loss of meta-

chromatic material, referred to above, which made it difficult to identify the

smaller mast cells. Accordingly, the requisite counts were made from the

paraffin sections (of which Fig. 57 is an example) by projecting a series of

MAST CELL
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Fig. 60

Combined mast-cell and histamine ' profile ' of cat skin. Part of a drawing of a section, made
with the aid of a projection microscope, has been rotated to lie transversely across the diagram:
the broken lines indicate the levels at which alternate frozen sections were cut and assayed for hist-

amine. The histamine values are represented, along with the appropriate mast-cell counts, in the

upper half of the diagram. The two ' profiles ' show a striking resemblance to one another.

microscope fields on to paper previously subdivided at that magnification into

strips 80 [x wide by means of a stage micrometer. Once the first line had been

adjusted to lie along the edge of the epidermis, the remaining pairs of lines

enclosed zones of tissue corresponding to those from which the histamine

samples had been taken in the frozen material. For convenience, mast cells

were counted in strips 2000 \i in length, i.e. in a block of tissue which, after

fixation and sectioning at 8 \x, occupies a volume of 8 X 80 x 2000 cu. \x. Cal-

culation then shows that in the region of maximal concentrations of mast cells

and histamine in the skin of the cat, each small mast cell contains approximately

1 -14 \i\ig. histamine. When the mast-cell counts and histamine values are plotted
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together (Fig. 60) an excellent correlation between mast cells and histamine

is seen to exist throughout the entire thickness of the skin.

Discussion

It is clear from the data which have been presented that in every species

examined the quantity and distribution of the histamine in skin is paralleled

by the relative density and distribution of the tissue mast cells. Taken in

conjunction with previous work on mast cells and histamine in normal tissues,

and especially in view of the very high histamine contents of mast-cell tumours

from dogs, it would seem highly probable that histamine in general is concen-

trated in the mast cells. This conclusion is supported by a recent account by

Graham and associates (1955) on the relationship of histamine to mast cells

in the skin of the normal dog.

In the present work we see, first, that the curiously high mast-cell content

in the skin of the ear has its counterpart in a high histamine content of similar

regional distribution. Secondly, when samples of abdominal skin from various

species are split into an inner and an outer layer, both the histamine and the

mast cells become subdivided and partitioned in the same way. This is well

seen in those three species in which the skin histamine is high—cat, mouse, and

rat. The cat and rat differ in that the histamine and mast cells lie mainly in

the outer and inner layers of the skin respectively. The mouse shows a com-

bination of both patterns in having a double layer of mast cells, outer and

inner, and a correspondingly high histamine value in each. Thirdly, when the

skin of the cat is split into multiple layers and their mast cells are counted, a

'histamine profile' can be constructed which corresponds closely with the mast-

cell values at the various levels.

In comparison with the findings in cat, mouse, and rat, the mast-cell and

histamine contents of human skin are not unduly high, though high values have

been recorded earlier in this work for certain pathological tissues rich in mast

cells, as in urticaria pigmentosa. Thus it would appear that the cytological

location of tissue histamine is the mast cell, and that the gross values for

histamine which have for long been recorded are, in the main, a reflection of the

extent to which the tissue or organ contains mast cells. The present results

indicate that this concept of the location of histamine in mast cells is applicable

to the skin, the organ on which much of the classical work on histamine is based.

THE MAST-CELL REACTION IN PRECANCEROUS SKIN
OF MICE

As stated in the introduction to this book, my interest in the mast cell was

first aroused many years ago by a chance remark of one of my teachers who
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showed me a paraffin section of precancerous mouse skin which he had stained

with eosin-toluidine blue. This simple alternative method of staining had

immediately revealed a dense collection of dermal mast cells, not one of which

could be recognized in a corresponding section stained by the routine

haematoxylin-eosin method. However, it was only when I heard that nothing

was then known of the mast cell's function that my curiosity was sufficiently

stimulated to make me pause and read any subsequent reference to mast cells

in the medical literature.

In 1938 I noticed an abstract of the paper by Holmgren and Wilander (1937)

on the combined histological and biochemical work of Jorpes and his colleagues

in Stockholm which appeared to show, beyond all reasonable doubt, that the

mast cell is the site of formation, or storage, of the anticoagulant, heparin.

Recalling my introduction to the mast cell, I obtained a sample of heparin

C Vitrum') from Stockholm in order to test its effect on mouse skin undergoing

carcinogenesis by 1, 2, 5, 6-dibenzanthracene. Heparin was repeatedly injected

under the precancerous skin in small doses in one group, and was painted on

excised wounds in the epilated areas of skin in a second group. However,

the results were disappointing. There was neither a definite promotion nor

a definite retardation of tumour formation in either group when comparison

was made with suitable controls.

In 1944 Cramer and Simpson published their careful study of the mast-cell

reaction in precancerous mouse skin and reviewed the literature. These workers

brought forward one additional piece of evidence which at least seemed to show
that many of the mast cells in precancerous mouse skin do differ qualitatively

from normal mast cells. They noticed that the more superficial mast cells tend to

lose their metachromatism rather easily in a watery fixative and that many of

them, in frozen sections, exhibit a golden-brown fluorescence in ultra-violet light.

During the present study I have returned repeatedly to this puzzling

phenomenon and have re-cut, stained and reviewed many of my old sections of

mouse skin in various stages of carcinogenesis and have examined the topical

effect of still other hydrocarbons dissolved in a non-irritant solvent, acetone.

The results are consistent. A polycyclic hydrocarbon capable of inducing

epilation, epithelial hyperplasia and the development of a mast-cell reaction in

the underlying dermis is carcinogenic. As Orr (1938) has pointed out, the

dermal changes spread gradually deeper and include the breaking up of the

refractile collagen bundles, changes in the elastica, fibroplasia and the accumula-

tion of tissue mast cells (Figs. 61-63). Orr, however, states that the mast-cell

reaction is not specific for carcinogenesis and in his later papers seldom

mentions it again.

For a time I was content to believe that this local mastocytosis merely

reflects the increased and continuing fibroblastic activity in the dermis, as in
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chronic inflammation elsewhere. Yet when I came to implant some of the

carcinogens directly into the dermis the mast-cell reaction was distinctly less

than when the carcinogen reached the dermis by way of the overlying epidermis.

The inference is that something in the epidermis is responsible for the dermal

changes, including the mast-cell reaction. Cortisone can largely suppress the

dermal reaction to a surface carcinogen, though intra-epithelial tumours may
still arise (Gillman et al, 1955). However, should a papilloma develop despite

the administration of cortisone, it is accompanied by the usual mast-cell

reaction in the dermis (Engelbreth-Holm and Zachariae, 1953).

Recently we have uncovered fresh facts which go some way towards

explaining both the mast-cell reaction and the golden-brown fluorescence.

At the Histamine Symposium (April 1954) I stated in discussion that I

thought it unlikely that mast cells, in general, contain substances other than

histamine which act on plain muscle; thus, the published data concerning the

topographical distribution of 5-hydroxytryptamine (5-HT) did not then seem

to fit the pattern shared in common by the mast cells and histamine. Shortly

afterwards we ourselves examined several of the types of specimen which had

proved so useful in clinching the mast cell-histamine hypothesis, e.g. ox liver

capsule, mast-cell tumours from dogs and cattle, urticaria pigmentosa from man.

All were negative for 5-HT or contained only the merest traces.

However, as Benditt (1955) and others have shown, 5-HT is present in the

mast cells of two species, the mouse and rat. Moreover, it seems that 5-HT is

also present in the epidermis of these two species (West and Parratt, 1957).

In order to demonstrate 5-HT in the mast cells, Miss Cass, Dr. Marshall

and I examined selected tissues from both rat and mouse. Our point was to

use tissues remote from either gut or epidermis, lest the mast cells be con-

taminated by 5-HT from some other source (Cass et al, 1958).

For the rat, we chose the metaphyses of the long bones which normally

have no mast cells, but which acquire them in great numbers in parallel with

the development of a triple syndrome of decalcification-rickets-osteitis fibrosa,

induced by dietetic means (Urist and McLean, 1957; and see Figs. 64, 65).

Briefly, our results were in agreement with the claims of Benditt: 5-HT and

mast cells appeared together in the bones, as of course did histamine and the

mast cells.

For the mouse, we first used dermal scrapings from skin treated with a

carcinogenic hydrocarbon, despite the legitimate objection that such a tissue

is close to epidermis which may itself contain 5-HT. Any doubts regarding

the significance of the result were settled when we obtained from Dr. Jacob

Furth of Boston, a sample of a transplantable mouse mast-cell tumour, recently

isolated by him from a group of mice which had been subjected to ionizing

radiation. So high were the values for histamine, heparin and 5-HT in the
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Fig. 61

Paraffin section, normal mouse skin, stained eosin-toluidine blue ( 140). The mast cells (dark

spots) are seen at the level of the hair follicles and again, more deeply, close to the muscle,

The epidermis is but 2 to 3 cells thick.
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Fig. 62

Mouse Skin one month after a single massive painting with a carcinogenic hydrocarbon in a
non-irritant solvent. The epidermis is now many cells thick, the sebaceous glands have gone
and the hair follicles are clubbed and distorted. Note the numerous small mast cells which are

appearing under the hyperplastic epidermis. Eosin-toluidine blue (x 160).
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Fig. 63

High power view of the intense mast-celi reaction which has developed around a focus
of precancerous epithelial cells situated near the edge of a large papilloma three
months after painting the mouse skin with a potent carcinogen. Following fixation

of the tissue in formaldehyde, such mast cells may show a golden-brown fluorescence
in ultra-violet light. Toluidine blue ( 550).
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Fig. 64

Section through metaphyseal region of the tibia of a normal rat, stained toluicine

blue ( 175). Dark metachromatic columns of cartilage but no mast cells.
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Fig. 65

Similar section to that shown in Fig. 64, taken from a rat fed for two months on a

diet deficient in calcium and vitamin-D. There is now evidence of rickets, osteo-

porosis and osteitis fibrosa, together with a dramatic increase in the mast-cell

content of the region. There is a corresponding increase in histamine and 5-hydroxy-
tryptamine.
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tumour that my attention was distracted for the time being from our previous

finding of an unusually high 5-HT content in the dermis of precancerous

mouse skin. Biological assay for 5-HT in all the material was confirmed by

chromatography of tissue extracts. On carrying out one of the routine tests

for 5-HT on paper (examination in ultra-violet light following treatment of

the spot with formaldehyde) I was confronted with the same kind of golden-

brown fluorescence that I had seen, years before, in the mast cells of precancerous

mouse skin. At that time I had followed the method recommended by Cramer
and Simpson (1944) which includes a preliminary fixation of the skin in 10 per

cent formaldehyde prior to cutting frozen sections. If no formaldehyde is

used no fluorescence develops. Moreover, much of the precursor substance

responsible for the fluorescence in the skin can be extracted from the mast cells

by a prolonged immersion of the tissue in acetone (Riley, 19586). This is the

method used for the extraction of 5-HT. According to Barter and Pearse

(1955) the fluorescent substance itself (which is normally demonstrable only in

the cells of the enterochromaffin system) is a fi-carboline derivative of 5-HT,
in which a third ring is formed through cyclization of the side chain.

The histological appearances suggest that the abnormally high concentra-

tion of 5-HT in the dermal mast cells of precancerous mouse skin may be

derived, directly or indirectly, from the hyperplastic epidermis itself, and more
especially from the epithelial cells of the abnormal hair follicles which have

borne the brunt of the initial application of the carcinogen. Further, I believe

it is from such cells that many of the malignant epitheliomas ultimately arise.

The full significance of this interesting reaction in the skin of mice has yet to

be determined (Riley, 1959).
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Chapter XVII

GENERAL DISCUSSION: FUNCTIONS OF THE
TISSUE MAST CELLS

EIGHTY years have now passed since Ehrlich first clearly described and

named the tissue mast cells, and we are still far from understanding

their biological significance in the organism. Ehrlich himself believed

that the mast cells are concerned in some way with the nutrition of the connective

tissues. None of the twenty-five hypotheses listed sixty years later by Michels

(1938) entirely supplanted this first attempt to endow the mast cell with a

specific function.

However, in that same year (1937) Scandinavian workers succeeded in

tracing heparin to the mast cells, a discovery which was widely accepted as the

final answer to Ehrlich's 'riddle'.

Briefly, the Scandinavians based their new hypothesis on two main premises,

both of which deserve the most careful scrutiny. These are first, the assumption

that the heparin which they succeeded in extracting chemically from dog liver

(hence Howell's choice of the name, 'heparin') or from other tissues rich in

mast cells is the natural anticoagulant of the circulating blood; second, that

the perivascular distribution, so characteristic of the mast cells, likewise indi-

cates a haemic function, in this case, the prevention of intravascular thrombosis

by the secretion of anticoagulant through the vessel wall.

Certainly, the first premise seemed to derive formidable support from the

finding that heparin does escape from the dog's liver into its blood in peptone

and in anaphylactic shock. This led to the further assumptions, (a) that the

conditions of peptone shock merely exaggerate a normal state of affairs (i.e.

that a pathological process is an extension of a physiological process) and {b)

that the dog is characteristic of other animal species with respect to the function

of its mast cells. It was unfortunate that the original investigation did not

compare conditions in the dog with those in the cat, guinea pig or rat. Instead

there came to be constructed an inverted pyramid of reasoning, founded on

the findings in a single species and upon a pathological condition which has

no known counterpart elsewhere. It will be recalled that we found very low

heparin values in cat mastocytomas in which the granules are brilliantly

metachromatic and in which the histamine values are often very high indeed;

and we could obtain no evidence of a release of heparin into the blood of rats.

Other workers have likewise failed to detect changes in blood coagulation

either in experimental animals or in patients with widespread urticaria pig-

mentosa. Whereas heparin is present in many tissues and organs, there is
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little evidence that heparin is a normal constituent of blood. Even a study of

the histological relationship of mast cells to blood vessels in the rat led me to

conclude that the mast cells fulfil their cycle in the connective tissues and do not

secrete their contents directly into the blood stream.

It was thus the more fortunate that I first encountered the tissue mast cell,

not in relation to the effects of heparin on the blood, but in a connective tissue

reaction in the skin of mice treated with a carcinogen. This led to a search

for a tissue function of the mast cell and to the study of the few conditions

then known in which the mast cell appears to be involved. Such conditions

seemed to have little enough in common, except, perhaps, the participation of

histamine : it was this that led to the present enquiry and to the discovery that

the tissue histamine resides in the same cell as the tissue 'heparin', a finding

which has since been abundantly confirmed elsewhere (Mota et al, 1954; Benditt

et al, 1955; Graham et al, 1955; Wegelius et al, 1955; Arvy et al, 1956; Asboe-

Hansen and Wegelius, 1956; Keller and Burkard, 1956; Werle and Amman,
1956; Hill, 1958). Other workers have shown that much of the histamine in

blood, at least in man, is likewise contained in the blood mast cells, or basophils

(Graham et al, 1955; Code and Mitchell, 1954, 1957). The eosinophil, once

thought to be the main carrier of histamine, appears to be more concerned with

the detoxification and disposal of tissue histamine than with its elaboration

(Ehrich, 1953; Samter, 1953; Vaughn, 1953; Vercauteren, 1953; Archer, 1956).

We have often seen eosinophils in our material, but generally in situations in

which histamine is being released from mast cells.

It may be useful in summing up the present work to comment briefly on

the ground that has been covered, using the same numerical division of the

matter as in the text:

—

In Part I, a preliminary survey of the tissue mast cells in organisms of

increasing complexity confirms Ehrlich's view that the cells with basophilic,

metachromatic granules (his 'Mastzellen') are healthy, functioning cells of

the connective tissues. In certain primitive species mast cells are present before

the necessity for a blood vascular system has arisen. Fibroplasia, normal or

pathological, is consistently followed by the development of tissue mast cells.

In Part II, a brief introduction (1) sets out the reasons for my own growing

belief that the mast cell is more concerned with events in the tissues than in the

blood, and that the mast cells may play a part in the release of histamine.

2. Detailed examination of the distribution of mast cells in the ox and rat,

using the method of tissue spreads, emphasizes the enormous numbers of mast

cells in the serous membranes, as well as around small blood vessels; even the

perivascular mast cells seem to move away from the vessels as the cells mature.

Mast cells are always to be found in young vascular connective tissue under-

going fibrillogenesis.
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3. Next, the effect on the mast cells of a group of substances, whose common
property is an ability to release histamine, is examined. All cause swelling,

degranulation and even disruption of the mast cells. The action of some of

these substances (e.g. stilbamidine) can be followed under the microscope by

taking advantage of their fluorescence in ultra-violet light.

4. The hypothesis that the mast cells themselves contain the histamine

which is released is put to direct test by measuring histamine values in a series

of normal tissues of widely differing mast-cell content. A strongly positive

correlation is observed throughout. Ox liver capsule and ox visceral pleura

are especially rich in mast cells and histamine. A method for determining the

histamine content of the individual mast cell in ox liver capsule is described.

5. Exceptionally high values for histamine are found in certain pathological

tissues rich in mast cells. Urticaria pigmentosa in man and mast-cell tumours

from domestic animals all yield exceedingly high values, sometimes measurable

in milligrams of histamine per gram of tissue examined. It is now the heparin

(measured as anticoagulant) which occasionally fails to show a correspondingly

high value, as, for example, in mast-cell tumours from cats.

6. At this point in the present investigation a more specific histamine-

liberator became available, Compound 48 80. Its effects were therefore

studied on the mast-cell and histamine contents of a variety of tissues in the rat.

Once the histamine has been completely released, Compound 48/80 is no longer

toxic to the rat : long-term study of its effects is thus possible.

7. However, when Compound 48/80 is given to mice, not more than about

half the available histamine can be liberated; higher doses are toxic and kill

the mice from causes unconnected with the release of histamine. Evidently

there are differences in the structure and composition of the mast cells, even

among closely allied species.

8. This raises the question of the means whereby histamine is bound in the

mast cell. Attention is drawn to the similarity of the reactions of the mast cell

and of the myelin of nerve sheaths : both swell in water and in hypotonic solutions,

especially in the presence of alkali. The chemical histamine-liberators are also

bases and cause swelling of the mast cells. An enquiry into the efficiency with

which trichloracetic acid extracts histamine from tissue samples adds further

to the belief that histamine exists in the mast cells, preformed and ready for

release, held only by loose ionic forces within a phospholipid membrane.

Normally the histamine in the granule is part of a loose complex containing

also heparin and proteins rich in basic amino-acids. When tissues of high mast-

cell content, or the isolated mast granules from rats, are analysed by paper

chromatography it is found that they contain phosphatidyl choline (lecithin)

and comparatively large amounts of phosphatidyl serine. The granules from

rats also contain phosphatidyl ethanolamine. These phosphatides may
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constitute a 'trigger' which enables histamine to escape from the intact granule

or cell. According to Uvnas, a chemical histamine-liberator removes an

inhibitor from a lecithinase at the mast-cell membrane. It is suggested that if

this should prove to be a Type-C lecithinase there would be formed a primary

phosphatide permeable to histamine and alcohols varying quantitatively and

qualitatively from one species of mast cell to another. At the same time it is

emphasized that the classical histamine-liberators produce pathological effects

and that under normal circumstances it may be possible to release histamine

without accompanying morphological changes in the mast cell.

9. Not all histamine is held in mast cells and responds to the action of the

chemical histamine-liberators. The pyloric mucosa has a high histamine

content, though it is poor in mast cells. The histamine value of rat pyloric

mucosa actually rises as histamine is released from mast cells elsewhere.

10. The function of heparin, the second major component of the mast

granule, is next examined and an hypothesis is suggested to account for the

rapid release of heparin into the blood of the dog during peptone shock. The

shock organ of the dog is the liver, and the heparin which can be extracted from

it is an exceptionally efficient anticoagulant. The dog is unique in that it has

a direct pathway leading from shock organ to blood, the thoracic duct, which

by-passes the connective tissues. Thoracic duct lymph quickly becomes

incoagulable during peptone shock.

1 1

.

When comparable conditions in the rat are examined, no evidence can

be found that active anticoagulant reaches the rat's blood as the mast cells are

destroyed. In fact, much of the heparin remains trapped locally in the connec-

tive tissues. It is suggested that the natural function of the mast cell is to store

and release mucopolysaccharides for the connective tissues. The carbohydrate

precursor substance is formed mainly by fibroblasts (since fibroblastic activity

normally precedes the appearance of mast cells) and becomes a temporary

component of the intercellular ground substance. With the onset of fibrillo-

genesis, excess ground substance is broken down, rebuilt and stored in altered,

sulphated form (heparin) in the granules of the tissue mast cells, whence it can

later be released and be again ingested by cells of the connective tissues. This

cyclic process begins and is widespread in the embryo, and recurs locally in the

tissues in adult life in response to 'trauma' or an acute watery oedema. A
massive release of the stored mucopolysaccharide, still sulphated, may result

in its overflow into the blood and the consequent manifestation of its anti-

coagulant properties.

12. Much of the experimental work on histamine in the past concerned its

effects on the skin. Mast cell-histamine 'profiles' of skin from man, cattle,

cat, mouse and rat show a close relationship between their mast-cell and

histamine contents.
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13. Finally, an enquiry is made into the mast-cell reaction in mouse skin

undergoing carcinogenesis from repeated surface applications of a polycyclic

hydrocarbon. Many of the mast cells under the painted skin show a golden-

brown fluorescence in ultra-violet light. This seems to be associated with a

high content of 5-hydroxytryptamine, a normal constituent of the mast cells

of the mouse and rat, though present in no other species. Work is in progress

to trace the sources of this high content of 5-hydroxytryptamine and to deter-

mine its significance. Now that something is known of the structure and com-

position of the normal mast cell it may be possible to arrive at an understanding

of the significance of the mastocytosis in precancerous mouse skin. It will be

recalled that it was for this reason that the present work was begun.
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INDEX

Adrenals, mast cells in, 22
Alimentary tract, lower vertebrates, mast cells in,

9

Amino acids, basic, in mast cell, 125, 126, 162

Amoebocyte with spherules, 6

Amphibia, blood formation in, 7

mast cells in, 7

Amphioxus, 7

Anaemia, aplastic, mast cells in, 20
Anaphylatoxin. 65, 67, 68-70
Anaphylaxis, 20, 34, 35, 36, 37, 65, 69, 137, 160

in dog, 137, 139

in guinea pig, 69, 139

in hamster, 69
in mouse, 69
in rabbit, 139

in rat, 65, 69, 137

mast cells in, 20
Angiomas, mast cells in, 24
Anti-histamines, 66, 70, 127

Anurans, mast cells in, 7, 9
Appendix, mast cells in, 21

B

Basophil (blood mast cell, mast leucocyte), 4, 17-

20, 92
Bat, mast cells in, 13

Batrachians, mast cells in, 9

Benzpyrene-caffeine, 127

Birds, blood formation in, 8

Birds, liver, mast cells in, 10

Blood formation, in birds, 8

in fishes, 7

in amphibia, 7

Blood mast cell, see basophil

Blood-vascular system, comparative development
of, 7-9

Blood vessels, lower vertebrates, mast cells

around, 9-10
higher vertebrates, mast cells around, 8, 13,

14, 15-16, 24, 29, 33, 37, 39-45, 48-58,

95-97, 108, 137, 160, 161

Bone marrow, tissue mast cells in, 19-20

Bone, rabbit, mast cells in, 19

rat, mast cells in, 20, 154

Brain, mast cells in, 13, 14, 16

Breast, mast cells in, 21

Bullfrog, granular cells in, 1

1

Calf, mast cells in, 13

Capsules, mast cells in, 13, 39, 72-74, 85, 162
/i-carboline compound, 159

Carcinogenesis, mast cells in, 26-27, 152-159, 164
Carcinoma, mast cells in, 21, 23

Cartilage, 146
Cat, basophils in, 18

mast cells in, 13, 74-75, 149-152, 163

Central nervous system, mast cells in, 13, 14, 16

Chromatography, 124, 128, 159
Clasmatocyte, and mast cell, 5

Clotting time, 138-139
Coarse granulocyte, in lower vertebrates, 6, 9

Coelenterates, granular cells in, 6

Compound 48/80, 93-108, 109-119, 127, 138,

162
intra-arterial injection, 94, 105, 107
mode of action, 106-108, 113-115, 127, 162

Connective tissue, 36, 58, 97, 102, 122, 139-143,

160, 163

mast cells in, 14, 15, 20, 21, 22, 24, 25, 27,

96-97,99, 101, 102, 104, 108, 122, 139-143
Cortisone, 154
Crayfish, granular cells in, 7

Cyclostomes, blood formation in, 7

D
1, 2, 5, 6-dibenzanthracene, 33

Dog, mast cells in, 13-14
liver, mast cells in, 13, 28, 34-35, 59, 74, 85-86,

137-138

Ear, histamine, in cattle, 144
in mouse, 146

in pig, 145-146
in ox, 145-146
in rat, 18,98, 107

Echinoderms, granular cells in, 6

Elasmobranchs, mast cells in, 10

Elastic tissue, 153

Electrophoresis, 116
Elephantiasis, mast cells in, 22
Embryo, man, mast cells in, 14-15, 140

rat, mast cells in, 14, 140

Embryonal (" plasma ") cell, 4
Endothelium, 143

Eosinophil, 11, 161

relation to mast cell, 1

1

Ester sulphate, 74
Evan's blue, 40

Fat cells, relationship to mast cells, 13, 102

Fibroblast, 102, 139-143
Fibroids, uterine, mast cells in, 24
Fibromas, mast cells in, 24
Fibrosarcomas, mast cells in, 24
Fishes, basophils in, 17

bony, blood formation in, 8

cartilagenous, blood formation in, 7

gut, granular cells in, 12

mast cells in, 7, 9

Fluorescence, 60, 62, 66, 68, 127, 153-9, 162, 164

Formaldehyde, 159

Free chromotrope substance, and mast cells (see

also metachromasia), 23, 24, 33, 141-142
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INDEX

Ganoid fishes, mast cells in, 9, 10

Gingivitis, mast cells in, 21

Goat, mast cells in, 13

Gonads, lower vertebrates, mast cells in, 10

Granulosa cell tumour, mast cells in, 25
Ground substance, 102, 140-143

Guinea pig, basophils in, 18, 19

mast cells in, 13

histamine-liberation in, 109, 115

H
Hagfish, blood formation in, 7

Hare, mast cells in, 13

Heart, lower vertebrate, mast cells in, 9-10
Hedgehog, 13

Heparin complement, 40
Heparin, 28-29, 33, 34, 36, 69, 71, 85, 124-125,

130, 137-143, 153, 160, 163

assay, 85
discovery, 28
extraction, 85
in anaphylaxis, 35-36, 139

in blood, 29, 161

in connective tissue, 139-143
in mast-cell granule, 124-125, 130
in mast-cell tumours, 29, 85-91

cat, 87-89, 91

cattle, 89-90
dog, 79-87, 91

mouse, 90-91
in kidney, 85
in liver, 28, 34-36, 59, 85
in lung, 85

in lymph node, 85
in pathological conditions, 77-92
in peptone shock, 34, 137-138
in skin, 85
in subcutaneous tissue, rat, 138-139
in spleen, 85
relationship to hyaluronic acid, 142
staining, 28, 124
sulphate, 28, 74, 124
toluidine blue, precipitation by, 28

Histamine, assay, 71, 145

binding, in mast cells, 1 16-129
content, per mast cell, 73-74
effects of, on mast cell, 64
non-mast cell, 132-136
profiles, skin, 144-152

stomach, 134-136
in anaphylaxis, 35-36
in blood, 92, 161

in capsules, 72, 74, 122

in ear, cattle, 144-145
mouse, 146
pig, 144-145
rat, 146

in gastro-intestinal tract, rat, 132-136
in inflammation, 108

in liver, 34, 59, 72, 74, 125, 132
in lung, 75, 85, 86
in lymph, 137
in mast-cell granule, 116-129
in mast-cell tumours, 83-90, 125

Histamine

—

continued
in normal tissues, 71-76
in pathological conditions, 77-92
in peptone shock, 34, 137-138
in skin, normal, 75, 144-152

precancerous, 152-159
in stomach, 134-136, 163

in rat, 72, 93-108, 109-115, 119, 122, 124, 146-
150, 154

in urticaria pigmentosa 36-37, 77-79
Histamine-liberators, 37, 59-70, 93-108, 109-1 15,

137-139, 162-163
alkali, 117-119
compound 48/80, 93-108, 109-115, 127, 138,

162
decamethylene diamine, 59, 139
endogenous, 128

enzymatic, 130
heptamethylene diamine, 59
2-hydroxy stilbamidine, 59, 60, 68
5-hydroxytryptamine, 124
pentamidine, 59, 63
peptone, 59, 63
propamidine, 59, 63

stilbamidine, 59, 60, 66, 68, 93, 162
toluidine blue, 130
D-tubocurarine chloride, 59
tryptamine, 124
water, 67, 119-125, 128

Histamine-profile, skin, cat, 150-152
stomach, pig, 134-136

rat, 133-134
Histaminase, 90
Histidine, 132
5-hydroxytryptamine in mast cell, 124, 125, 154.

164
in mast-cell tumours, dog, 154
in mast-cell tumours, mouse, 91, 154
in mast-cell tumours, cattle, 154

5-hydroxytryptophan, 125
Hyaluronic acid, 142

I

Ichthyopsida, mast cells in, 7, 9, 10

Inflammation, acute, mast cells in, 22, 108, 128
chronic, mast cells in, 21

Insects, granular cells in, 7

Intestine, mast cells in, 13, 15

lymphoid tissue, mast cells in, 20
Interendothelial cement, 137
Invertebrates, mast cells in, 6-7
Itching, 110, 111, 112

Joints, mast cells in, 21

K
Keloid, mast cells in, 22, 33
Kidney, lower vertebrates, mast cells in, 10

cattle, mast cells in, 43
man, mast cells in, 21

Lamprey, blood formation in, 7

Lathyrus syndrome, mast cells in, 20
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Lecithin, 127, 128, 130, 162

Leukaemia, basophilic, 19, 91

myeloid, basophils in, 17, 18, 19

tissue mast-cell, 19

Liver, birds, mast cells in, 10

dog, heparin in, 28
mast cells in, 13, 28, 34-35, 59, 74, 85-86,

137-138
ichthyopsida, mast cells in, 10

lower vertebrates, mast cells in, 10
ox, heparin in, 28, 85
ox, mast cells in, 13, 72-74, 85
rabbit, mast cells in, 13

rat, mast cells in, 13, 14

salamander, mast cells in, 10
urodele, mast cells in, 10

Lower vertebrates, mast cells in, 9-10
Lung fish (African), blood formation in, 7
Lung, mast cells in, 22, 39-40, 48, 75, 85, 87
Luteoma, mast cells in, 25
Lymph nodes, 36

mast cells in, 16, 45, 85, 87, 88
Lymphatics, 8, 137, 143

Lymphoid tissue, mast cells in, 20, 45

M
Macrophage, 96, 100, 123, 124, 139
Man, basophils in, 18, 19

survey of mast cells in, 14-16, 150, 152
Mast cell and alkaline phosphatase, 33

and fibrillogenesis, 58, 139-143, 161

and free chromotrope substance, 23, 24, 33,
141-142

degenerate, 5

degranulation, 63, 64, 96, 99, 107, 1 1

1

derivation, name, 3, 17

discovery, 3, 21

disruption, 63, 64, 96, 130-131
effects on, of ammonia, 118

of anti-histamines, 66, 70
of bases, 126
of heat, 64
of histamine-liberators, 37, 59-70, 93-108,

119-125, 128, 130
of oedema, 64, 68, 137-139, 162-163
of/>H, 116-119
of sodium hydroxide, 117, 118
of trichloracetic acid, 125-126
of water, 57, 119-125, 128

granule, aminoacids in, 125-126, 162
enzymes in, 124-125
heparin in, 124-125, 130
histamine in, 124-125
5-hydroxytryptamine in, 124
phospholipids in, 126-128
solubility, 5, 67, 122-124
sulphate in, 124

heparin in, 28-29, 33, 34, 72, 124-125, 137-
139, 162, 163

histamine in, 34-37, 71-76, 77-92, 139-143,
150-153,160,161,163

histochemistry of, 124-125
5-hydroxytryptamine in, 124, 154-159
in adrenal, 43
in anurans, 7, 9
in anaphylaxis, 65, 69

Mast cell, etc.

—

continued
in batrachians, 9
in blood (see basophils)
in bone marrow, 19-20, 154, 157-158
in capsules, 13, 28, 39, 58, 72-74, 85, 162
in carcinogenesis, 26-27, 152-159, 164
in cat, 13, 74-75, 149-152, 163
in cattle, 13, 14, 39^18, 72, 74, 75, 85, 161
in central nervous system, 13, 14, 16
in choroid plexus, 16, 45
in connective tissue, 15, 20, 21, 22, 24, 25, 27,

34, 43, 45, 48, 52, 58, 138, 139-143, 153,
160, 161, 163

in cow, 74, 75
in dog, 13, 28, 34, 59, 74, 75, 137
in ear, 93, 94, 144-147, 152
in embryo, 14-15, 76, 144
in fishes, 9, 10, 19

in Ichthyopsida, 9
in inflammation, acute, 2

chronic 21-22, 153
in intestine, 8, 12, 14, 15, 58, 134-136
in invertebrates, 6-7
in joints, 40, 58
in kidney, 43, 85
in lathyrus syndrome, 20
in liver, 10, 13, 14, 28, 34, 36, 39-40, 58, 59,

72-74, 85, 88, 89, 137, 138, 162
in lung, 22, 39-40, 48, 75, 85, 87
in lymph nodes, 16, 45, 85, 87, 88
in mammary glands, 49
in man, 14-16, 25, 75, 150, 152
in mesentery, 52, 94, 95
in milk spots, 62, 95
in muscles, 48, 58
in nerves, 16, 45, 100
in oedema, 68, 108
in oesophagus, 48
in omentum, 8, 53-54, 94, 95
in osteitis fibrosa, 20
in ox, 13, 14, 39-48, 72, 74, 75, 85, 161

in paronychia, 21

in pathological conditions, 21-27, 77-92
in peptic ulcer, 22
in peptone shock, 34, 137
in pericardium, 40, 58
in peritoneum, 40, 54, 60, 122, 138
in pig, 13, 134-136
in pleura, 58, 70, 162
in precancerous skin, 152-159, 164
in rat, 14,48-58, 59-70, 161
in serous membranes, 8, 14, 39, 161
in sheep, 74, 75
in skin, 15, 22, 26-27, 58, 85, 87, 145-152,

163-164
in spleen, 85, 87, 88, 89
in stomach, 48, 132-136
in subcutaneous tissue, 94
in tendon sheaths, 40
in thymus, 13, 16, 43, 48
in thyroid, 43
in tissue culture, 26, 83, 90
in tissue imprints, 82
in tissue spreads, 39-48, 49-58, 60-70, 72-

74, 122
in tongue, 15, 48
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Mast cell, etc.

—

continued

in tumours, 21,22-27, 79-91

in urodeles, 5, 9, 10

in urticaria pigmentosa, 25, 36, 77-78, 91

membrane, 130

nucleus, 124
relationship to, blood vessels, 13, 15-16, 24,

29, 33, 37, 39-45, 48-58, 95-97, 108, 1 37,

160, 161

clasmatocyte, 5

eosinophil, 11-12, 161

fat cells, 13, 102

lymphatics, 39-40, 45
reciprocal, in blood and tissues, 8, 19

sulphate in, 124

staining, 39, 82-83, 88, 95, 122

tumours, 79-91, 154
in cat, 26, 79, 87-89, 160, 162

in cattle, 26, 79, 89-90, 128

in dog, 26, 29, 79-87

in horse, 26, 79

in man, 25
in mouse, 26, 90-91, 128, 154-155

rapid diagnosis of, 82

water, effects of, 67, 119-125, 153

Mast leucocyte, see basophil

Mast myelocyte, 5

Mesentery, rat, mast cells in, 52-54, 67, 95-108

Metachromasia, 3, 11, 15, 23, 28, 33, 37, 50, 58,

68, 102, 122, 124, 134, 136, 138, 142, 153

Milk spots, mast cells in, 20, 95, 97

Mitochondria, 125

Mouse, basophils in, 19

Mucin, 136
Mucopolysaccharide, 142, 163

Myelin, 162
Myelin figures, 126-127

Myocardium, mast cells in, 22

N
Nerves, peripheral, mast cells in, 16, 22

Neurofibromas, mast cells in, 24

O
Oedema, 108, 110, 111, 141-142, 163

Omentum, rat, mast cells in, 20, 95, 98, 103

Osteitis fibrosa, mast cells in, 20

Pathological conditions, mast cells in, 21-27

Peptone shock, 34, 35, 37, 137-138, 160, 163

Peritoneum, mast cells in, 13

Phosphatides, in mast cells, 127-128, 130, 162

Profile, mast cell-histamine, skin, cat, 150-152

stomach, rat, 133-134
stomach, pig, 134-136

Prostate, mast cells in, 21

Rabbit, basophils in.

mast cells in, 13

R

17, 18, 19

Rat, basophils in, 18, 19

mast cells in, 13, 14, 48-58, 59-70, 72, 93-108,

109-115,116-131,134,138,139,146-152,
161, 162, 163

Regional ileitis, mast cells in, 21

Reptiles, basophils in, 17

mast cells in, 9

Reticuloses, mast cells in, 20, 25

Salamander, terrestrial, liver, mast cells in, 10

Serous membranes, mast cells in, 39, 161

Skin, 15, 22, 26-27, 75, 78, 85, 144-159, 163

mast cells and histamine in cat, 144, 147-150,

151-152, 163

in dog, 144, 152

in guinea pig, 144, 150

in man, 79, 144, 147, 150

in mouse, 144, 147-150
in ox, 144-146
in pig, 144-146
in rabbit, 144, 150
in rat, 144-150

precancerous, mouse, 152-159
Splenic tumour, mast cells in, 24
Sponges, granular cells in, 24
Syphilis, mast cells in, 21

Thoracic duct, 36, 137-138
Thymus, mast cells in, 13, 16

Tissue culture, mast cells in, 26, 83, 90
Tongue, mast cells in, 15

Trichloracetic acid, effect of mast cells, 125-126,

162
Tuberculosis, mast cells in, 21

Tumours, mast cells in, 21, 22-27

U
Umbilical cord, 141

mast cells in, 15

metachromasia in, 15

Urodele, liver, mast cells in, 10

Urticaria pigmentosa, 25, 36, 77-79, 91, 160, 162

Uterus, mast cells in, 21

V

Vertebrates, mast cells in, 9-16
higher, mast cells in, 13-16
lower, mast cells in, 9-12
basophils in, 17-19

Volutin, 6

W
Wharton's jelly, metachromasia and mast cells in,

15

Wound healing, mast cells in, 22

' Zellgewebe ', in crayfish, 7
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